Effects of web reinforcement discontinuities on the seismic response of structural walls by Wang, Ying
Purdue University
Purdue e-Pubs
Open Access Dissertations Theses and Dissertations
Fall 2014
Effects of web reinforcement discontinuities on the
seismic response of structural walls
Ying Wang
Purdue University
Follow this and additional works at: https://docs.lib.purdue.edu/open_access_dissertations
Part of the Civil Engineering Commons
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Recommended Citation











EFFECTS OF WEB REINFORCEMENT DISCONTINUITIES 
 






















In Partial Fulfillment of the 
 











































First, I would like to thank my advisor, Dr. Santiago Pujol. It would not have been possible for 
me to finish construction, testing, analysis, and this dissertation without his patience, advice and 
critique. 
 
I would also like to thank Professor Mete A. Sozen, my professor, mentor, and friend, for his 
advice and encouragement. I would like to thank my committee, Professor Ayhan Irfanoglu and 
Professor Robert L. Nowack, for their advice and suggestions to improve this dissertation. 
 
The funding provided by NEEScomm made my education possible and is greatly appreciated. 
 
I appreciate all the people helped me in the lab including the Civil Engineering Stuff members, 
Harry Tidrick, Kevin Brower and Molly Stetler, and graduate students, Lucas Laughery, Enrique 
Villalobos, Aishwarya Puranam, Yunlan Zhang, and Kaylor McCain. 
 
Lastly, I would like to thank my parents, Jianguo Wang and Xiulian Yang, who have supported 
me mentally and financially all these years. My husband, Yuxing Yang, his patient, 













LIST OF TABLES .......................................................................................................................... ix 
LIST OF FIGURES ........................................................................................................................ xi 
ABSTRACT ................................................................................................................................. xxii 
CHAPTER 1. INTRODUCTION .................................................................................................... 1
1.1. Background .......................................................................................................................... 1
1.1.1. Geometric Irregularities ...............................................................................................1
1.1.2. Reinforcement Discontinuities .....................................................................................1
1.1.3. Summary ......................................................................................................................2
1.2. Case Study ........................................................................................................................... 3
1.2.1. General Information .....................................................................................................3
1.2.2. Structural Layout ..........................................................................................................3
1.2.3. Damage Caused by 1978 Miyagi-ken Oki Earthquake ................................................4
1.2.4. The Repair of 2001 .......................................................................................................4
1.2.5. Damage Caused by 2011 Tohoku Earthquake .............................................................5
1.2.6. Comparison of Earthquake Response Records ............................................................5
1.2.7. Summary ......................................................................................................................6
1.3. Objective and Scope ............................................................................................................ 6
CHAPTER 2. EXPERIMENTAL PROGRAM ............................................................................... 7
2.1. Introduction .......................................................................................................................... 7
2.2. Dimensions .......................................................................................................................... 7
2.3. Material Properties ............................................................................................................... 8




2.4. Test setup ............................................................................................................................. 8
2.5. Instrumentation .................................................................................................................... 9
2.6. Testing Procedure ................................................................................................................ 9
CHAPTER 3. TEST RESULTS .................................................................................................... 11
3.1. Introduction ........................................................................................................................ 11
3.2. Load-Drift Ratio Relationships .......................................................................................... 11
3.3. Surface Strain Distributions ............................................................................................... 12
3.3.1. Longitudinal Strain Distributions ...............................................................................12
3.3.2. Transverse Strain Distributions ..................................................................................14
3.4. Curvature Distributions ..................................................................................................... 14
3.5. Lateral Displacement Components .................................................................................... 15
3.6. Crack Patterns .................................................................................................................... 17
3.7. Failure Mechanisms ........................................................................................................... 18
CHAPTER 4. ANALYSIS OF TEST RESULTS .......................................................................... 21
4.1. Introduction ........................................................................................................................ 21
4.2. Moment-Curvature Relationships ...................................................................................... 21
4.2.1. Analytical Moment-Curvature Relationships .............................................................21
4.2.2. Moment-Curvature Relationships Obtained from Optotrak Readings .......................23
4.2.3. Comparison of Moment-Curvature Relationships .....................................................23
4.3. Calculated Forces vs. Measured Forces ............................................................................. 24
4.4. Comparison of Specimens ................................................................................................. 25
4.4.1. Envelopes of Load-Drift Ratio Relationships ............................................................25
4.4.2. Maximum Tensile Unit Strain ....................................................................................26
4.5. Drift .................................................................................................................................... 26
4.5.1. Drift Ratio at First Flexural Crack .............................................................................26
4.5.1.1. Drift Ratio Related to Bending .......................................................................... 26
4.5.1.2. Drift Ratio Related to Shear Distortion ............................................................. 28
 vi 
Page 
4.5.2. Drift Ratio at Flexural Yielding ................................................................................ 28 
4.5.2.1. Drift Ratio Related to Bending .......................................................................... 28
4.5.2.2. Drift Ratio Related to Shear Distortion ............................................................. 29
4.5.2.3. Drift Ratio Related to Slip ................................................................................. 29
4.5.2.4. Comparison between Measured and Calculated Drift at Flexural Yielding ...... 30
4.5.3. Limiting Drift Ratio ................................................................................................... 31
4.5.3.1. Introduction ....................................................................................................... 31
4.5.3.2. Evaluation of Equation 4-14 .............................................................................. 31
4.6. A Method to Estimate the Limiting Drift Ratio ................................................................. 32
4.6.1. Effect of Load Reversals ........................................................................................... 32
4.6.2. Buckling Index .......................................................................................................... 34
4.6.3. Ratio of Tangential Modulus to Stress ...................................................................... 35
4.6.4. Tensile Strain and Drift Ratio .................................................................................... 36
4.6.5. Effective Buckling Length ........................................................................................ 37
4.6.6. Determination of Coefficient  ............................................................................... 39
4.6.7. Summary .................................................................................................................... 39
4.7. Evaluation of Structural Walls in the Tohoku Building .................................................... 40
CHAPTER 5. SUMMARY AND CONCLUSIONS ..................................................................... 42
5.1. Summary ............................................................................................................................ 42
5.1.1. Objective and Scope .................................................................................................. 42
5.1.2. Experimental Program ............................................................................................... 42
5.1.3. Analysis ..................................................................................................................... 43
5.2. Conclusions ........................................................................................................................ 44
LIST OF REFERENCES ............................................................................................................. 173
APPENDICES 
Appendix A. Details of the Test Program ............................................................................... 179 
A.1. Introduction ............................................................................................................... 179 
A.2. Materials .................................................................................................................... 179 
 vii
Page 
A.2.1. Concrete ............................................................................................................. 179 
A.2.2. Reinforcement ................................................................................................... 180 
A.3. Reinforcement Details and As-Built Dimensions ..................................................... 181 
A.3.1. Reinforcement Details in the Foundation Block ............................................... 181 
A.3.2. Reinforcement Details in the Reaction Block ................................................... 181 
A.3.3. As-built Dimensions .......................................................................................... 181 
A.4. Construction, Casting and Curing ............................................................................. 182 
A.5. Test Setup and Instrumentation ................................................................................. 182 
A.6. Dial Gage Readings ................................................................................................... 183 
A.7. Curvatures of Each Cycle .......................................................................................... 184 
A.8. Comparison between Measurements: LVDTs and Optotrak ..................................... 185 
A.9. Load vs Displacement ............................................................................................... 185 
Appendix B. Tohoku Building ................................................................................................ 230 
B.1. Introduction ................................................................................................................ 230 
B.2. Structural Layout ....................................................................................................... 230 
B.3. Structural Details ....................................................................................................... 231 
B.4. Fundamental Period ................................................................................................... 231 
B.5. Base Shear Strength ................................................................................................... 232 
B.5.1. Introduction ........................................................................................................ 232 
B.5.2. Base Shear Strength Based on Measured Accelerations ................................... 232 
B.5.3. Limit Analysis .................................................................................................... 232 
B.5.4. Summary ............................................................................................................ 233 
B.6. Repair in 2001 ............................................................................................................ 233 
B.7. Observations after the Earthquake of 2011 ................................................................ 234 
B.8. Comparison of Responses to the Earthquakes of 1978 and 2011 .............................. 235 
B.8.1. General Information ........................................................................................... 235 
B.8.2. Nonlinear Displacement Spectra ....................................................................... 236 
B.8.3. Acceleration and Displacement History ............................................................ 236 
B.8.4. Absolute Acceleration – Relative Displacement Records ................................. 238 
B.9. Conclusions ................................................................................................................ 239 
 viii
Page 
Appendix C. Structural Wall Performance Database ............................................................. 262 
C.1. Introduction ................................................................................................................ 262 
C.2. Summary of the Test Programs ................................................................................. 262 
C.3. Wall Properties and Testing Parameters .................................................................... 262 
C.3.1. General Geometry Information .......................................................................... 263 
C.3.2. Reinforcement Ratios and Material Properties .................................................. 263 














Table 2-1: Properties of Specimens ............................................................................................... 46
Table 2-2: Concrete Strengths ....................................................................................................... 46
Table 2-3: Mix Proportions of Concrete ........................................................................................ 47
Table 2-4: Steel Properties ............................................................................................................. 47
Table 2-5: Drift Ratio and Repetition ............................................................................................ 47
Table 3-1: Summary of Test Results ............................................................................................. 48
Table 3-2: Measured Maximum Flexural Crack Width ................................................................. 48
Table 4-1: Parameters for Steel Stress-Strain Relationship ........................................................... 49
Table 4-2: Calculated Strength ...................................................................................................... 49
Table 4-3: Measured and Calculated Maximum Peak Shear Force ............................................... 49
Table 4-4: Calculated Drift Ratio and Initial Stiffness at Cracking ............................................... 49
Table 4-5: Drift Ratio and Lateral Load at Flexural Yielding ....................................................... 50
Table 4-6: Continuity of Longitudinal Bars at Wall Base ............................................................. 50
Table 4-7: Wall Database with Longitudinal Bar Buckling .......................................................... 51
Table A-2: DAQ System .............................................................................................................. 186
Table A-3: As-Built Dimensions ................................................................................................. 187
Table B-1: Wall Reinforcement and Thickness (Dimensions in mm) ......................................... 240
Table B-2: Column Reinforcement (Dimensions in mm) ............................................................ 240
Table B-3: Beam Reinforcement (Dimensions in mm) ............................................................... 241
Table B-4: Material Properties. .................................................................................................... 245
Table B-5: Change in Period of the Building, Motosaka et al. (2004) ........................................ 245
Table B-6: Weight, Area and Unit Mass of Each Floor ............................................................... 245
Table B-7: Base Shear Strength ................................................................................................... 246
Table B-8: Ranges of Parameters for Nonlinear Displacement Spectra ...................................... 246 
 x 
Table Page 
Table C-1: Summary of Experimental Programs ......................................................................... 266
Table C-2: General Geometry Information .................................................................................. 274
Table C-3: Reinforcement Ratios and Concrete Properties ......................................................... 280
Table C-4: Reinforcement Properties .......................................................................................... 286
Table C-5: Loading Information .................................................................................................. 292













Figure 1-1: Wall Panel with Inclined Cracks under Stack of Openings (Song et al., 2012) ......... 52
Figure 1-2: Olive View Hospital after the 1971 San Fernando Valley Earthquake (NOAA) ....... 52
Figure 1-3: Imperial County Services Building after the 1979 EI Centro Earthquake (NOAA) ... 53
Figure 1-4: Lap Splice Failure of a Chimney (Kilic and Sozen, 2003) ......................................... 53
Figure 1-5: Lap Splice Failure of Alto Río Building (Song et al., 2012) ...................................... 54
Figure 1-6: A Chimney Severely Damaged after the 2007 Niigata-ken Chuetsu-oki 
                   Earthquake (Kim and Shiohara, 2012) ........................................................................ 54
Figure 1-7: Elevation View and Cross Section of the Chimney (Kim and Shiohara, 2012) ......... 55
Figure 1-8: Building of the Faculty of Architecture and Engineering at Tohoku University ........ 56
Figure 1-9: Plan View, Stories 1 and 2 (Dimensions in mm) ........................................................ 57
Figure 1-10: Plan View, Stories 3 to 9 (Dimensions in mm) ......................................................... 58
Figure 1-11: Elevation View, Axes 2 and 7 (Dimensions in mm) ................................................. 58
Figure 1-12: Elevation View, Axis D (Dimensions in mm) .......................................................... 59
Figure 1-13: Crack Distribution due to the 1978 Miyagi-ken Earthquake  
                     (Motosaka, et al., 2002) ............................................................................................ 60
Figure 1-14: Steel-Truss Braces ..................................................................................................... 60
Figure 1-15: Original Longitudinal Web Bar Left ......................................................................... 61
Figure 1-16: 13-mm Diameter Dowels .......................................................................................... 61
Figure 1-17: Elevation View of a Replacing Panel ....................................................................... 62
Figure 1-18: Crack Distribution after the 2011 Tohoku Earthquake ............................................. 63
Figure 1-19: Columns after 2011 Tohoku Earthquake, ................................................................. 64
Figure 1-20: N-S Component of the Response to 1978 Earthquake (First Level) ......................... 65
Figure 1-21: N-S Component of the Response to 1978 Earthquake (Ninth Level) ....................... 65
Figure 1-22: N-S Component of the Response to 2011 Earthquake (First Level) ......................... 66 
 xii
Figure Page 
Figure 1-23: N-S Component of the Response to 2011 Earthquake (Ninth Level) ....................... 66
Figure 1-24: Comparison of Displacement Response Spectra ...................................................... 67
Figure 2-1: Dimensions of a Typical Specimen ............................................................................ 68
Figure 2-2: Specimen Configurations ............................................................................................ 68
Figure 2-3: Typical Reinforcement Layout of a Specimen ............................................................ 69
Figure 2-4: Elevation View ............................................................................................................ 69
Figure 2-5: Stress-Strain Curve of Number 3 Deformed Bar ........................................................ 70
Figure 2-6: Stress-Strain Curve of 3/16 in. Plain Wire .................................................................. 70
Figure 2-7: Elevation View of the Connection .............................................................................. 71
Figure 2-8: Plan View of the Connection ...................................................................................... 71
Figure 2-9: Plan View of Test Setup .............................................................................................. 72
Figure 2-10: Elevation View of Test Setup ................................................................................... 72
Figure 2-11: Instrumentation Layout ............................................................................................. 73
Figure 2-12: Optotrak Targets Layout ........................................................................................... 73
Figure 3-1: Definition of Cracking Load ( ) .............................................................................. 74
Figure 3-2: Definition of Drift at Yield ( ) and Drift Capacity ( ) ........................................... 74
Figure 3-3: Measured Load - Drift Ratio Relationship, Specimen W1 ......................................... 75
Figure 3-4: Measured Load - Drift Ratio Relationship, Specimen W2 ......................................... 75
Figure 3-5: Measured Load - Drift Ratio Relationship, Specimen W3 ......................................... 76
Figure 3-6: Measured Load - Drift Ratio Relationship, Specimen W4 ......................................... 76
Figure 3-7: Measured Load - Drift Ratio Relationship, Specimen W5 ......................................... 77
Figure 3-8: Measured Load - Drift Ratio Relationship, Specimen W6 ......................................... 77
Figure 3-9: Division of Stations ..................................................................................................... 78
Figure 3-10: Shape of a Station from a Typical Specimen before and after Deformation ............ 78
Figure 3-11: Recorded Strain Distributions, Specimen W1 (Station 0-2.5) .................................. 79
Figure 3-12: Recorded Strain Distributions, Specimen W1 (Station 2.5-5)3 ................................. 79
Figure 3-13: Recorded Strain Distributions, Specimen W1 (Station 5-7.5) .................................. 80
Figure 3-14: Recorded Strain Distributions, Specimen W1 (Station 7.5-10)3 ............................... 80
Figure 3-15: Recorded Strain Distributions, Specimen W2 (Station 0-2.5) .................................. 81
Figure 3-16: Recorded Strain Distributions, Specimen W2 (Station 2.5-5)3 ................................. 81
Figure 3-17: Recorded Strain Distributions, Specimen W2 (Station 5-7.5) .................................. 82 
 xiii
Figure Page 
Figure 3-18: Recorded Strain Distributions, Specimen W2 (Station 7.5-10)3 ............................... 82
Figure 3-19: Recorded Strain Distributions, Specimen W3 (Station 0-2.5) .................................. 83
Figure 3-20: Recorded Strain Distributions, Specimen W3 (Station 2.5-5)3 ................................. 83
Figure 3-21: Recorded Strain Distributions, Specimen W3 (Station 5-7.5) .................................. 84
Figure 3-22: Recorded Strain Distributions, Specimen W3 (Station 7.5-10)3 ............................... 84
Figure 3-23: Recorded Strain Distributions, Specimen W4 (Station 0-2.5) .................................. 85
Figure 3-24: Recorded Strain Distributions, Specimen W4 (Station 2.5-5)3 ................................. 85
Figure 3-25: Recorded Strain Distributions, Specimen W4 (Station 5-7.5) .................................. 86
Figure 3-26: Recorded Strain Distributions, Specimen W4 (Station 7.5-10)3 ............................... 86
Figure 3-27: Recorded Strain Distributions, Specimen W5 (Station 0-2.5) .................................. 87
Figure 3-28: Recorded Strain Distributions, Specimen W5 (Station 2.5-5)3 ................................. 87
Figure 3-29: Recorded Strain Distributions, Specimen W5 (Station 5-7.5) .................................. 88
Figure 3-30: Recorded Strain Distributions, Specimen W5 (Station 7.5-10)3 ............................... 88
Figure 3-31: Recorded Strain Distributions, Specimen W6 (Station 0-2.5) .................................. 89
Figure 3-32: Recorded Strain Distributions, Specimen W6 (Station 2.5-5)3 ................................. 89
Figure 3-33: Recorded Strain Distributions, Specimen W6 (Station 5-7.5) .................................. 90
Figure 3-34: Recorded Strain Distributions, Specimen W6 (Station 7.5-10)3 ............................... 90
Figure 3-35: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected  
                     to Work in Compression, Specimen W1 ................................................................... 91
Figure 3-36: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected  
                     to Work in Tension, Specimen W1 ........................................................................... 91
Figure 3-37: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected  
                     to Work in Compression, Specimen W1 ................................................................... 92
Figure 3-38: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected 
                     to Work in Tension, Specimen W1 ........................................................................... 92
Figure 3-39: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected 
                     to Work in Compression, Specimen W2 ................................................................... 93
Figure 3-40: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected 
                     to Work in Tension, Specimen W2 ........................................................................... 93
Figure 3-41: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected 
                     to Work in Compression, Specimen W2 ................................................................... 94 
 xiv 
Figure Page 
Figure 3-42: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected 
                     to Work in Tension, Specimen W2 ........................................................................... 94
Figure 3-43: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected 
                     to Work in Compression, Specimen W3 ................................................................... 95
Figure 3-44: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected 
                     to Work in Tension, Specimen W3 ........................................................................... 95
Figure 3-45: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected 
                     to Work in Compression, Specimen W3 ................................................................... 96
Figure 3-46: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected 
                     to Work in Tension, Specimen W3 ........................................................................... 96
Figure 3-47: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected 
                     to Work in Compression, Specimen W4 ................................................................... 97
Figure 3-48: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected 
                     to Work in Tension, Specimen W4 ........................................................................... 97
Figure 3-49: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected 
                      to Work in Compression, Specimen W4 .................................................................. 98
Figure 3-50: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected 
                     to Work in Tension, Specimen W4 ........................................................................... 98
Figure 3-51: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected 
                     to Work in Compression, Specimen W5 ................................................................... 99
Figure 3-52: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected 
                     to Work in Tension, Specimen W5 ........................................................................... 99
Figure 3-53: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected 
                     to Work in Compression, Specimen W5 ................................................................. 100
Figure 3-54: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected 
                     to Work n Tension, Specimen W5 .......................................................................... 100
Figure 3-55: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected 
                     to Work in Compression, Specimen W6 ................................................................. 101
Figure 3-56: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected 
                     to Work in Tension, Specimen W6 ......................................................................... 101
 xv 
Figure Page 
Figure 3-57: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected 
                     to Work in Compression, Specimen W6 ................................................................. 102
Figure 3-58: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected 
                     to Work in Tension, Specimen W6 ......................................................................... 102
Figure 3-59: Division of Transverse Strain Distribution ............................................................. 103
Figure 3-60: Transverse Strain Distribution, Specimen W1 ........................................................ 104
Figure 3-61: Transverse Strain Distribution, Specimen W2 ........................................................ 104
Figure 3-62: Transverse Strain Distribution, Specimen W3 ........................................................ 105
Figure 3-63: Transverse Strain Distribution, Specimen W4 ........................................................ 105
Figure 3-64: Transverse Strain Distribution, Specimen W5 ........................................................ 106
Figure 3-65: Transverse Strain Distribution, Specimen W6 ........................................................ 106
Figure 3-66: Curvature Distribution, Specimen W1 .................................................................... 107
Figure 3-67: Curvature Distribution, Specimen W2 .................................................................... 107
Figure 3-68: Curvature Distribution, Specimen W3 .................................................................... 108
Figure 3-69: Curvature Distribution, Specimen W4 .................................................................... 108
Figure 3-70: Curvature Distribution, Specimen W5 .................................................................... 109
Figure 3-71: Curvature Distribution, Specimen W6 .................................................................... 109
Figure 3-72: Angular Change Components ................................................................................. 110
Figure 3-73: Displacement Components: (a) Undeformed Shape. (b) Deformation Caused  
                     by Flexural Bending. (c) Deformation Caused by Shear Distortion ....................... 111
Figure 3-74: Displacement Components, Specimen W1 ............................................................. 112
Figure 3-75: Displacement Components, Specimen W2 ............................................................. 112
Figure 3-76: Displacement Components, Specimen W3 ............................................................. 113
Figure 3-77: Displacement Components, Specimen W4 ............................................................. 113
Figure 3-78: Displacement Components, Specimen W5 ............................................................. 114
Figure 3-79: Displacement Components, Specimen W6 ............................................................. 114
Figure 3-80: Displacement Comparison, Specimen W1 .............................................................. 115
Figure 3-81: Displacement Comparison, Specimen W2 .............................................................. 115
Figure 3-82: Displacement Comparison, Specimen W3 .............................................................. 116
Figure 3-83: Displacement Comparison, Specimen W4 .............................................................. 116
Figure 3-84: Displacement Comparison, Specimen W5 .............................................................. 117
 xvi 
Figure Page 
Figure 3-85: Displacement Comparison, SpecimenW6 ............................................................... 117
Figure 3-86: Comparison of Displacement Computed Using Optotrak Readings and  
                     Measured using LVDTs .......................................................................................... 118
Figure 3-87: Drift Components Based on Optotrak Readings ..................................................... 118
Figure 3-88: Crack Map, Specimen W1 ...................................................................................... 119
Figure 3-89: Crack Map, Specimen W2 ...................................................................................... 122
Figure 3-90: Crack Map, Specimen W3 ...................................................................................... 125
Figure 3-91: Crack Map, Specimen W4 ...................................................................................... 128
Figure 3-92: Crack Map, Specimen W5 ...................................................................................... 131
Figure 3-93: Crack Map, Specimen W6 ...................................................................................... 134
Figure 3-94: Load-Deflection Relationship, Specimen W1 ......................................................... 136
Figure 3-95: Specimen W1 after Failure ..................................................................................... 137
Figure 3-96: Specimen W2 after Failure ..................................................................................... 138
Figure 3-97: Specimen W3 after Failure ..................................................................................... 139
Figure 3-98: Specimen W4 after Failure ..................................................................................... 140
Figure 3-99: Specimen W5 after Failure ..................................................................................... 141
Figure 3-100: Specimen W6 after Failure ................................................................................... 142
Figure 4-1: Comparison of Experimental and Analytical Stress-Strain Curves of Number  
                   3 Deformed Bar ......................................................................................................... 143
Figure 4-2: Comparison of Experimental and Analytical Stress-Strain Curves of 3/16 in.  
                   Plain Wire ................................................................................................................. 143
Figure 4-3: Analytical Moment-Curvature Diagram, Specimen W1 ........................................... 144
Figure 4-4: Analytical Moment-Curvature Diagram, Specimen W2 ........................................... 144
Figure 4-5: Analytical Moment-Curvature Diagram, Specimen W3 ........................................... 145
Figure 4-6: Analytical Moment-Curvature Diagram, Specimen W4 ........................................... 145
Figure 4-7: Analytical Moment-Curvature Diagram, Specimen W5 ........................................... 146
Figure 4-8: Analytical Moment-Curvature Diagram, Specimen W6 ........................................... 146
Figure 4-9: Sections to Compute Moment Curvature Diagrams ................................................. 147
Figure 4-10: Comparison of Moment-curvature Diagram, Specimen W1 .................................. 147
Figure 4-11: Comparison of Moment-curvature Diagram, Specimen W2 .................................. 148
Figure 4-12: Comparison of Moment-curvature Diagram, Specimen W3 .................................. 148
 xvii
Figure Page 
Figure 4-13: Comparison of Moment-curvature Diagram, Specimen W4 .................................. 149
Figure 4-14: Comparison of Moment-curvature Diagram, Specimen W5 .................................. 149
Figure 4-15: Comparison of Moment-curvature Diagram, Specimen W6 .................................. 150
Figure 4-16: (a) Abaqus Model. (b) Strain Distribution .............................................................. 151
Figure 4-17: Close View of the Bottom 10 in., Abaqus Model ................................................... 152
Figure 4-18: Stress Distribution, Abaqus Model ......................................................................... 152
Figure 4-19: Strain Distribution, Abaqus Model ......................................................................... 153
Figure 4-20: Close View of Strain Distribution, Abaqus Model ................................................. 153
Figure 4-21: Shear and Flexural Capacities ................................................................................. 154
Figure 4-22: Envelops of the First Cycle ..................................................................................... 154
Figure 4-23: Peak Loads of Last Stable Cycle vs. Drift Ratio ..................................................... 155
Figure 4-24: Unit Tensile Strain vs. Drift Ratio (W1 and W2) ................................................... 155
Figure 4-25: Unit Tensile Strain vs. Drift Ratio (W3 and W4) ................................................... 156
Figure 4-26: Unit Tensile Strain vs. Drift Ratio (W5 and W6) ................................................... 156
Figure 4-27: Unit Tensile Strain vs. Drift Ratio (Average) ......................................................... 157
Figure 4-28: Unit Tensile Strain vs. Drift Ratio (W1, W3 and W5) ........................................... 157
Figure 4-29: Unit Tensile Strain vs. Drift Ratio (W2, W4 and W6) ........................................... 158
Figure 4-30: Distribution of Unit Bond Stress ............................................................................. 158
Figure 4-31: Dimensions of Test Coupons (Aktan, 1973) ........................................................... 159
Figure 4-32: Test 1, #9 Bar Coupon (Aktan, 1973) ..................................................................... 159
Figure 4-33: Test 1, #9 Bar Coupon, Comparison with R-O Model (Aktan, 1973) .................... 160
Figure 4-34: Stress-Strain Relationship of North Bottom, Specimen W1 ................................... 160
Figure 4-35: Stress-Strain Relationship of South Bottom, Specimen W1 ................................... 161
Figure 4-36: Stress-Strain Relationship of North Bottom, Specimen W2 ................................... 161
Figure 4-37: Stress-Strain Relationship of South Bottom, Specimen W2 ................................... 162
Figure 4-38: Stress-Strain Relationship of North Bottom, Specimen W3 ................................... 162
Figure 4-39: Stress-Strain Relationship of South Bottom, Specimen W3 ................................... 163
Figure 4-40: Stress-Strain Relationship of North Bottom, Specimen W4 ................................... 163
Figure 4-41: Stress-Strain Relationship of South Bottom, Specimen W4 ................................... 164
Figure 4-42: Stress-Strain Relationship of North Bottom, Specimen W5 ................................... 164
Figure 4-43: Stress-Strain Relationship of South Bottom, Specimen W5 ................................... 165
 xviii
Figure Page 
Figure 4-44: Stress-Strain Relationship of North Bottom, Specimen W6 ................................... 165
Figure 4-45: Stress-Strain Relationship of South Bottom, Specimen W6 ................................... 166
Figure 4-46: Tangential Modulus of Reinforcement in One Loading Cycle ............................... 166
Figure 4-47: Ratio /  vs. Maximum Tensile Strain .......................................................... 167
Figure 4-48: Tensile Strain vs. Drift Ratio .................................................................................. 167
Figure 4-49: Tensile Strain vs. Drift Ratio .................................................................................. 168
Figure 4-50: Buckling of Longitudinal Bars, Specimen W4 ....................................................... 169
Figure 4-51:Buckling of Longitudinal Bars, Specimen W40C (Villalobos, 2014) ..................... 169
Figure 4-52: Buckling of Longitudinal Bars, Specimen W60N (Villalobos, 2014) .................... 170
Figure 4-53: Strain Distribution of WMCC and WMCN (Escolano- Margarit et al., 2012) ....... 171
Figure 4-54: Simplified Model for Plastic Deformation (Takahashi et al., 2013) ....................... 171
Figure 4-55: Comparison of Calculated and Measured Drift Capacity ....................................... 172
Figure A-2: Forney Machine ....................................................................................................... 189
Figure A-3: Compressive Strength vs. Day after curing .............................................................. 190
Figure A-4: Wires before and after Rusting ................................................................................ 190
Figure A-5: MTS Sintech 30/D Loading Frame .......................................................................... 191
Figure A-6: 120-kip Capacity Baldwin Testing Machine ............................................................ 191
Figure A-7: Reinforcement Details, Foundation Block ............................................................... 192
Figure A-8: Reinforcement Details, Reaction Block ................................................................... 192
Figure A-9: Notations, Specimen W1, W3, and W5 ................................................................... 193
Figure A-10: Notations, Specimen W2, W4, and W6 ................................................................. 194
Figure A-11: Form of a Typical Specimen .................................................................................. 195
Figure A-12: Spirals to Confine Concrete ................................................................................... 195
Figure A-13: Casting .................................................................................................................... 196
Figure A-14: Curing ..................................................................................................................... 196
Figure A-15: Test Setup and Instrumentations, 1 ........................................................................ 197
Figure A-16: Test Setup and Instrumentations, 2 ........................................................................ 197
Figure A-17: Rotation of Foundation Block vs. Applied Drift Ratio (Specimen W1) ................ 198
Figure A-18: Rotation of Foundation Block vs. Applied Drift Ratio (Specimen W2) ................ 198
Figure A-19: Rotation of Foundation Block vs. Applied Drift Ratio (Specimen W3) ................ 199
Figure A-20: Rotation of Foundation Block vs. Applied Drift Ratio (Specimen W4) ................ 199
 xix 
Figure Page 
Figure A-21: Rotation of Foundation Block vs. Applied Drift Ratio (Specimen W5) ................ 200
Figure A-22: Rotation of Foundation Block vs. Applied Drift Ratio (Specimen W6) ................ 200
Figure A-23: Bracing System for Specimen W6, Part 1 .............................................................. 201
Figure A-24: Bracing System for Specimen W6, Part 2 .............................................................. 201
Figure A-25: Curvature Ratio vs. Cycle Number, Specimen W1 ................................................ 202
Figure A-26: Curvature Ratio vs. Cycle Number, Specimen W2 ................................................ 202
Figure A-27: Curvature Ratio vs. Cycle Number, Specimen W3 ................................................ 203
Figure A-28: Curvature Ratio vs. Cycle Number, Specimen W4 ................................................ 203
Figure A-29: Curvature Ratio vs. Cycle Number, Specimen W5 ................................................ 204
Figure A-30: Curvature Ratio vs. Cycle Number, Specimen W6 ................................................ 204
Figure A-31: LVDT Displacement vs. Optotrak Target Movement ............................................ 205
Figure A-32: Optotrak Target Movement vs. LVDT Displacement at 2.5 in., Specimen W1 .... 205
Figure A-33: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W1 ..... 206
Figure A-34: Optotrak Target Movement vs. LVDT Displacement at 20 in., Specimen W1 ..... 206
Figure A-35: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W1 ..... 207
Figure A-36: Optotrak Target Movement vs. LVDT Displacement at 2.5 in., Specimen W2 .... 207
Figure A-37: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W2 ..... 208
Figure A-38: Optotrak Target Movement vs. LVDT Displacement at 20 in., Specimen W2 ..... 208
Figure A-39: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W2 ..... 209
Figure A-40: Optotrak Target Movement vs. LVDT Displacement at 2.5 in., Specimen W3 .... 209
Figure A-41: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W3 ..... 210
Figure A-42: Optotrak Target Movement vs. LVDT Displacement at 20 in., Specimen W3 ..... 210
Figure A-43: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W3 ..... 211
Figure A-44: Optotrak Target Movement vs. LVDT Displacement at 2.5 in., Specimen W4 .... 211
Figure A-45: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W4 ..... 212
Figure A-46: Optotrak Target Movement vs. LVDT Displacement at 20 in., Specimen W4 ..... 212
Figure A-47: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W4 ..... 213
Figure A-48: Optotrak Target Movement vs. LVDT Displacement at 2.5 in., Specimen W5 .... 213
Figure A-49: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W5 ..... 214
Figure A-50: Optotrak Target Movement vs. LVDT Displacement at 20 in., Specimen W5 ..... 214
Figure A-51: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W5 ..... 215
 xx 
Figure Page 
Figure A-52: Optotrak Target Movement vs. LVDT Displacement at 2.5 in., Specimen W6 .... 215
Figure A-53: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W6 ..... 216
Figure A-54: Optotrak Target Movement vs. LVDT Displacement at 20 in., Specimen W6 ..... 216
Figure A-55: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W6 ..... 217
Figure A-56: Load vs. Displacement at 2.5 in., Specimen W1 .................................................... 217
Figure A-57: Load vs. Displacement at 10 in., Specimen W1 ..................................................... 218
Figure A-58: Load vs. Displacement at 20 in., Specimen W1 ..................................................... 218
Figure A-59: Load vs. Displacement at 30 in., Specimen W1 ..................................................... 219
Figure A-60: Load vs. Displacement at 2.5 in., Specimen W2 .................................................... 219
Figure A-61: Load vs. Displacement at 10 in., Specimen W2 ..................................................... 220
Figure A-62: Load vs. Displacement at 20 in., Specimen W2 ..................................................... 220
Figure A-63: Load vs. Displacement at 30 in., Specimen W2 ..................................................... 221
Figure A-64: Load vs. Displacement at 2.5 in., Specimen W3 .................................................... 221
Figure A-65: Load vs. Displacement at 10 in., Specimen W3 ..................................................... 222
Figure A-66: Load vs. Displacement at 20 in., Specimen W3 ..................................................... 222
Figure A-67: Load vs. Displacement at 30 in., Specimen W3 ..................................................... 223
Figure A-68: Load vs. Displacement at 2.5 in., Specimen W4 .................................................... 223
Figure A-69: Load vs. Displacement at 10 in., Specimen W4 ..................................................... 224
Figure A-70: Load vs. Displacement at 20 in., Specimen W4 ..................................................... 224
Figure A-71: Load vs. Displacement at 30 in., Specimen W4 ..................................................... 225
Figure A-72: Load vs. Displacement at 2.5 in., Specimen W5 .................................................... 225
Figure A-73: Load vs. Displacement at 10 in., Specimen W5 ..................................................... 226
Figure A-74: Load vs. Displacement at 20 in., Specimen W5 ..................................................... 226
Figure A-75: Load vs. Displacement at 30 in., Specimen W5 ..................................................... 227
Figure A-76: Load vs. Displacement at 2.5 in., Specimen W6 .................................................... 227
Figure A-77: Load vs. Displacement at 10 in., Specimen W6 ..................................................... 228
Figure A-78: Load vs. Displacement at 20 in., Specimen W6 ..................................................... 228
Figure A-79: Load vs. Displacement at 30 in., Specimen W6 ..................................................... 229
Figure B-1: Plan View, Stories 1 and 2 (Dimensions in mm) ..................................................... 247
Figure B-2: Plan View, Stories 3 to 9 (Dimensions in mm) ........................................................ 248
Figure B-3: Wall Layout, and Beam and Column Reinforcement Details .................................. 248
 xxi 
Figure Page 
Figure B-4: Elevation View, Axis C ............................................................................................ 249
Figure B-5: Linear-Elastic Model of the As-Built Building, SAP 2000 ...................................... 250
Figure B-6: Limit Analysis, Mechanism 1 .................................................................................. 251
Figure B-7: Limit Analysis, Mechanism 2 .................................................................................. 251
Figure B-8: Limit Analysis, Mechanism 3 .................................................................................. 252
Figure B-9: Limit Analysis, Mechanism 4 .................................................................................. 252
Figure B-10: Limit Analysis, Mechanism 5 ................................................................................ 253
Figure B-11: Limit Analysis, Mechanism 6 ................................................................................ 253
Figure B-12: Repair Details ......................................................................................................... 254
Figure B-13: (a) Drilling Holes on the Steel Jackets; (b) Welding of the Steel Brace ................ 254
Figure B-14: Elevation View of Axis B after Steel Brace Fitted ................................................ 255
Figure B-15: Slab Casting ............................................................................................................ 256
Figure B-16: Damage to Beam-Web Joint and Intermediate Column ......................................... 256
Figure B-17: Cross Section of Web-Beam Joint .......................................................................... 256
Figure B-18: N-S Ground Acceleration Records ......................................................................... 257
Figure B-19: N-S Ninth-Floor Acceleration Records .................................................................. 257
Figure B-20: N-S Ninth-Floor Relative Displacement ................................................................ 258
Figure B-21: Load-Displacement Curve for Nonlinear Oscillators ............................................. 258
Figure B-22: Nonlinear Displacement Spectra ............................................................................ 259
Figure B-23: Close-up views of histories (2011) ......................................................................... 259
Figure B-24: Change in Period during the 2011 Event ................................................................ 260
Figure B-25: Initial Ninth Floor Acceleration-Displacement Response ...................................... 260
Figure B-26: Initial Ninth Floor Acceleration-Displacement Response ...................................... 261
Figure B-27: Initial Ninth Floor Acceleration-Displacement Response, 0-300 second. ............. 261












Wang, Ying, Ph.D., Purdue University, December 2014.  Effects of Web Reinforcement 




Field evidence was interpreted to suggest that discontinuities in the longitudinal web 
reinforcement caused severe damage in structural walls during strong ground motion. To test this 
hypothesis, six small-scale reinforced concrete structural walls were tested under lateral 
displacement reversals. Test variables included the presence of web longitudinal reinforcement 
discontinuities and number of loading cycles. The test results indicated that unit tensile strains in 
longitudinal reinforcing bars in boundary elements were approximately 50% higher in structural 
walls with web longitudinal reinforcement cutoffs relative to walls without reinforcement cutoffs. 
Higher unit tensile strains caused an increase in permanent strain accumulation, increasing the 
likelihood of bar buckling. Additional loading cycles after yielding also accelerated permanent 
strain accumulation. A method is proposed for estimating the drift capacity of slender structural 
















Discontinuities in reinforced concrete structures may cause severe structural damage in 
earthquakes of moderate or high intensities. This section discusses seismic performance of 
reinforced concrete structures or members with geometric irregularities or reinforcement 
discontinuities. 
 
1.1.1. Geometric Irregularities 
Geometric irregularities of structural walls are common in engineering practice because of 
demands in function or architectural considerations. Moehle et al. (2011) reported that vertical 
geometric discontinuities “can lead to stress concentrations and localized lateral drift that and in 
some cases may result in undesirable seismic response.” 
 
Stacks of openings are formed in walls coupled by beams or slabs. The solid wall panel below the 
openings is subjected to shear stress concentration (Naeim et al., 1990 and Moehle et al., 2011). 
This shear stress concentration causes inclined cracks in the region below the coupled walls 
during earthquake ( Figure 1-1). 
 
The Olive View Hospital was severely damaged in the 1971 San Fernando Valley because of 
geometrical irregularities (Figure 1-2). Another well-known example of the effect of geometric 
irregularity is the Imperial County Services Building, which was severely damaged in the 1979 EI 
Centro earthquake (Figure 1-3).  
 
1.1.2. Reinforcement Discontinuities 
Reinforcement discontinuities are commonly introduced by lap splices. When unconfined lap 
splices are present in the region where flexural yielding occurs, they may cause failure. One 




Figure 1-4). The Alto Río Building, a 15-story building located in Concepción, Chile, was the 
only building collapsed completely during the 2010 Maule Chile earthquake. Lap splice failure 
was observed at the wall bases as shown in Figure 1-5 (Song et al., 2012). 
 
Effect of longitudinal reinforcement splices located at the base of structural walls on the seismic 
response of structural walls has been studied by several researchers. Birely (2012) tested 
structural walls with longitudinal reinforcement lap spliced at critical sections, both in the 
boundary element and in the web. She observed that strains concentrated above the splice. 
Johnson (2010) tested three rectangular structural walls with different splice details: mechanical 
couplers, lap splices and continuous longitudinal reinforcement. He observed increased bending 
occurred at the bottom of the wall, where the lap splice ended, and concluded that lap splices 
decreased the deformation capacity of the wall and caused local buckling of longitudinal 
reinforcement. Villalobos (2014) also conducted experiments investigating mechanical couplers 
and lap splices located at the bases of structural walls. Test results indicate that the maximum 
measured tensile strains at the wall base were higher for walls with lap splices compared with 
walls with mechanical couplers. All these test results point to one direction: longitudinal 
reinforcement lap splices, as a form of reinforcement discontinuity, cause strain concentrations at 
the critical sections of structural walls and reduce deformation capacity of these elements. 
 
Another type of reinforcement discontinuity is reinforcing bar cutoff. A sixty-meters reinforced 
concrete chimney was severely damaged (Figure 1-6) during 2007 Niigata-ken Chuetsu-oki 
Earthquake (Kim and Shiohara, 2012). A cross section of this chimney (Figure 1-7) shows that 
one layer of longitudinal reinforcing bars was cutoff at a height of 17.5 m. This cutoff led to 




All these examples show that geometric and reinforcement discontinuities caused unexpected 
seismic behavior of reinforced concrete members. Another example involving reinforcement 
discontinuity is discussed in detail in the following section. The experimental program described 





1.2. Case Study1 
1.2.1. General Information 
The building of the Faculty of Architecture and Engineering (Figure 1-8) at Tohoku University is  
introduced in this section. It had a fairly regular structural system, its blueprints were clear and 
well preserved, it was instrumented and its instruments were well maintained. The building 
experienced two strong ground motions with similar intensities (one in 1978 and another in 
2011), but sustained different degrees of damage. Between these two ground motions, the 
building was repaired and this work was documented carefully. To have conceived and executed 
a full-scale experiment to produce the information produced by this building and the dedicated 
researchers who studied and monitored it through decades would have taken not only much time 
and effort but also a prohibitive amount of money. This section reviews the properties and history 
of the building. 
 
1.2.2. Structural Layout 
In the lower two stories, the building had eight bays and two overhangs in the East-West (E-W) 
direction, and four bays in the North-South (N-S) direction (Figure 1-9 and Figure 1-10). The 
floor plan of these two stories had the shape of the letter H, with outer dimensions of 72 m (E-W) 
by 36.6 m (N-S). The floor plans of the upper seven stories were rectangular, with five bays in the 
EW direction, two bays and two overhangs in the NS direction, and outer dimensions of 40 m (E-
W) by 17.2 m (N-S). The total floor area was 9200 m2. Story heights measured from top-of-slab 
to top-of-slab were 5 m for the first story, 4.3 m for the second story, 3.8 m for the third story, 
and 3.3 m for the rest (Figure 1-11 and Figure 1-12). 
 
The dominant lateral-force resisting system in the N-S direction comprised four structural walls 
as shown in Figure 1-9 and Figure 1-10. They were two planar walls on lines 2 and 7 and two C-
shape walls between lines 3-4 and 5-6. In the E-W direction, the main lateral-force resisting 
elements were the two C-shape walls mentioned and planar walls on line C (Figure 1-9 and 
Figure 1-10). 
 
                                                      




1.2.3. Damage Caused by 1978 Miyagi-ken Oki Earthquake 
During the 1978 Miyagi-ken Oki Earthquake (with a surface wave magnitude of 7.7), the main 
damage was limited to inclined cracks in the walls on lines 2 and 7 in stories three to seven. The 
maximum crack width was reported to be approximately 1-mm (Figure 1-13). This earthquake 
also caused cracks in short beams connecting C-shaped walls and adjacent columns in the E-W 
direction (Shiga et al., 1981) 
 
1.2.4. The Repair of 2001 
In 2001 the building was repaired to reduce torsion and increase the shear strength of the exterior 
walls in the N-S direction. Repair included replacement of wall panels in the N-S direction, 
installation of steel jackets on the short beams, and installation of steel braces in the E-W 
direction. This section describes the replacement of wall panels. Other repairs are described in 
Appendix B. 
 
In 2001, wall panels on lines 2 and 7 in stories from three to nine were replaced with thicker cast-
in-place webs made with concrete with a cylinder compressive strength of 300 kgf/cm2 (29 MPa, 
4.3 ksi). Before removing concrete, steel truss braces were placed next to these wall panels to 
provide temporary support (Figure 1-14). Concrete in the panels of the walls were removed 
leaving the reinforcement in place. Then, the two layer existing 9-mm diameter bars (spacing at 
200-mm in both directions) were cut to have lengths of 200-mm extending out of the existing 
concrete (Figure 1-15). 
 
This procedure was followed by drilling holes to accommodate horizontal and vertical 13-mm 
diameter dowels spaced at 100-mm as shown in Figure 1-16. These deformed bars had 
embedment lengths of 110-mm in columns and girders, and extended 260-mm into the new panel. 
In addition, spiral reinforcement was provided enclosing the length of the dowels in the new wall 
webs. The spiral bar had a diameter of 6-mm, the diameter of the spiral was 120-mm and its pitch 
was 50-mm. Take the new panel between fourth and fifth floors for instance (Figure 1-17). The 
thickness of the panel was 200-mm. Its interior edge was aligned with the centerline of the girders 
above and below the panel. Two layers of 13-mm diameter deformed bars spaced at 200-mm 
were placed in both horizontal and vertical directions and these bars were inserted to the spirals at 




mm vertically. One additional vertical layer of bars was added on the exterior side of the panel 
along with 50-mm thick concrete facade. These bars had a diameter of 10mm and were anchored 
in the girder above the panel. After all the reinforcement was placed, wood forms were built and 
self-compacting concrete with a compressive strength of 24MPa (3500 psi) was pumped into the 
forms. 
 
1.2.5. Damage Caused by 2011 Tohoku Earthquake 
In 2011, the devastating off-Pacific Coast Tohoku Earthquake caused strong ground motion at the 
site. As illustrated in Figure 1-18, damage concentrated in lower halves of columns in the third 
story. Concrete spalling, reinforcing bar buckling and fractures were observed in these columns 
(Figure 1-19). The distribution of damage was perceptibly different from the distribution 
observed after the 1978 earthquake, during which shear cracks were formed in the wall webs. 
 
Observations presented in Appendix B support following ideas 1) spalling of concrete in 
damaged columns (Figure 1-19) was caused or accelerated by the buckling of reinforcement with 
large permanent tensile deformations or pullout failure following fracture in beam-column joints 
(Figure 1-18), 2) It is plausible that, the longitudinal web reinforcement, which was not well 
anchored, may have led to damage concentration at the bottom of third level. 
 
1.2.6. Comparison of Earthquake Response Records 
The earthquake response of the building to the ground motions of 1978 and 2011 were recorded 
by accelerometers installed at the first and ninth level (Figure 1-20 to Figure 1-23). Figure 1-24 
compares linear response spectra computed from the records obtained at the base of the structure. 
The demand of 2011 earthquake was not likely to have exceeded that of 1978 earthquake by a 
large margin. The measured maximum accelerations on the first level and the ninth level for the 
1978 earthquake were 0.26 g and 1.06 g respectively, while the maximum measured acceleration 
for the 2011 earthquake were 0.34 g and 0.93 g. The roof acceleration in 2011 was smaller even 
though the base acceleration was larger and the building had been strengthened. Analysis 
presented in Section B.8 of Appendix B shows that, the observed fractures in the boundary wall 
reinforcement during the 2011 event was initiated at approximately the same displacement 








The damage was dramatically different in these two earthquakes despite the similarities in 
earthquake demand and the strengthening done in 2001. The observed damage hints that the 
source of the vulnerability was the web-beam connections modified in the strengthening of 2001. 
The discontinuities in longitudinal web reinforcement created in the strengthening of 2001 led to 
concentration of deformations in the bottom half of the third floor columns along lines 2 and 7 
during the earthquake of 2011. These deformations may have triggered the dramatic increase in 
damage seen in 2011. 
 
1.3. Objective and Scope 
The main objective of this study is to test the hypothesis that discontinuities in the longitudinal 
web reinforcement of a structural wall will cause strain concentration in the longitudinal 
boundary reinforcement. This strain concentration will affect the seismic response of the 
structural wall. 
 
To achieve this objective, six small-scale structural walls with nominally identical cross sections 
were built and tested by applying displacement reversals. These specimens were divided into 
three pairs (groups 1-3) with the following test variables: 
 
• In each group, one specimen had continuous longitudinal web reinforcement, and another 
had longitudinal web reinforcement cutoff at the wall base. 
• Each displacement target was repeated 3, 6, and 12 times for groups 1, 2 and 3. 
 
Test results were used to develop procedures to estimate drift capacity of both structural walls 

















The experimental program involved construction and testing of six small-scale structural walls. 
These specimens were divided into three comparison groups. Each group had one specimen with 
longitudinal web reinforcement anchored in the foundation block, and another specimen with 
longitudinal web reinforcement cutoffs at the wall base. 
 
This chapter includes the dimensions and descriptions of the specimens, test setup, material 
properties and instrumentation. Table 2-1 summarizes the properties of the test specimens. 
 
2.2. Dimensions 
All specimens had nominally identical cross sections (Figure 2-1). Each specimen was 45 in. tall 
and 10 in. long, with 2 in.-long boundary elements and a 6 in.-long web. The thickness of the 
boundary elements and the web were 4 in. and 2 in., respectively. Each structural wall was cast 
together with a foundation block, which was used to anchor the specimen on a testing platform 
(Figure 2-2).  
 
In this test program, longitudinal direction is the direction perpendicular to the lateral load and 
transverse direction is the direction parallel to the lateral load. All specimens had identical 
reinforcement layout in the wall segments but different anchor details (Figure 2-3). The 
specimens were longitudinally reinforced with two #3 deformed bars in the boundary elements 
and four 3/16 in. plain wires in the web. Both boundary elements and web of a typical wall were 
reinforced in the transverse direction with one layer of 3/16 in. plain wires spaced at 3 in. (Figure 
2-4). 
 
The main objective of the experimental program was to investigate the effect of discontinuities in 




objective, specimens 1, 3, and 5 had continuous longitudinal web reinforcing bars anchored in the 
foundation blocks, while specimens 2, 4, and 6 had longitudinal web reinforcement terminated at 
the face of foundation blocks, the bases of the walls, as shown in Figure 2-4. 
 
2.3. Material Properties 
2.3.1. Concrete 
All specimens were cast using the same batch of concrete mixed and delivered by Irving 
Materials, Inc., West Lafayette, IN. Concrete compressive strengths of 6 in. by 12 in. cylinders on 




The longitudinal reinforcement in the boundary elements was # 3 deformed bars with a yield 
stress of 80 ksi1  (Figure 2-5). The longitudinal web reinforcement and all the transverse 
reinforcement was made using 3/16 in. plain wires with a yield stress of 83 ksi1(Figure 2-6). 
Mechanical properties of the reinforcement are listed in Table 2-4. The round wires were rusted 
to improve bond strength2. 
 
2.4. Test setup 
Each specimen was tested horizontally with the lateral load applied at the free end of the 
cantilever walls. The lateral load was applied using an MTS 204.61 hydraulic actuator attached to 
the specimen with four post-tensioned 1/2 in. high-strength threaded rods and two 1/2 in.-thick 6 
in. by 6 in. bearing plates (Figure 2-7 and Figure 2-8). 
 
The specimens were fastened to a testing platform by ten 1/2 in. high strength threaded rods 
passing vertically through holes made in the foundation blocks. The hydraulic actuator was 
attached to a reaction block, which was anchored on the testing platform by twelve 1/2 in. high 
strength threaded rods. Figure 2-9 and Figure 2-10 show the plan view and elevation view of the 
test setup. 
                                                      
1 Use the method described in Section 4.2.1 to define yield stress of the longitudinal reinforcing bars 
because these bars did not have well-defined yield plateau. 





Load, displacements, rotations and surface strains were measured during the test. This section 
describes the instruments used to make these measurements. More details are provided in 
Appendix A. 
 
A 10-kip load cell was installed between the piston rod and the swivel head of the hydraulic 
actuator to measure the applied lateral load. 
 
A total of six linear variable differential transformers (LVDTs) were mounted on the structural 
wall to measure lateral displacements at different heights of the specimen (Figure 2-11). 
 
An OPTOTRAK PROseries System (Northern Digital Inc., 2011), which is a portable, high-
accuracy optical platform for measuring and tracking the three-dimensional (3D) positions of 
infrared LED targets, was used to measure the displacements and deformations of specimen. 
These targets were attached on the surface of the specimen, from the base of the wall to the load 
point. There were four targets glued on the testing platform, serving as reference targets. Figure 
2-11 shows a typical layout of the OPTOTRAK targets.  
 
Four dial gages were mounted on the corners of each foundation block. Readings from these dial 
gages were used to monitor the rotation of the foundation block. Rotation of the foundation block 
calculated from these dial gage readings is reported in Section A.6, Appendix A. One additional 
dial gage was mounted on the reaction block to monitor its displacement (Figure 2-11).  
 
A GigaPan EPIC Pro (GigaPan System, 2012) was used to capture high-resolution images of the 
specimens during testing. These images were used to track and document the propagation of 
cracks on the specimen.  
 
2.6. Testing Procedure 
The specimens were loaded laterally at a distance of 42 in. from the wall base. Displacement 
cycles were applied at the drift ratios listed in Table 2-5. At each drift ratio, cycles were repeated. 




explained in Table 2-5. Testing was paused at each drift ratio target to back up data, mark cracks, 















This chapter presents the experimental results obtained for each specimen including load-
deflection curves, strain distributions, curvature distributions, lateral-displacement components, 
crack patterns, and descriptions of failure mechanisms. All measurements, Optotack records, 
photographs, photographs acquired by the Gigapan system described in Section 2.5, and crack 
maps of all of the specimens are available at http://nees.org/warehouse/project/1176. 
 
3.2. Load-Drift Ratio Relationships 
Load-drift ratio relationships for all specimens are shown in Figure 3-3 to Figure 3-8. Shear force 
and drift ratio at cracking ( ), drift ratio at yield ( ), peak shear force and the 
corresponding drift ratio ( ), and drift capacity ( ), are listed in Table 3-1. These 
quantities are defined in the following paragraphs. 
 
First cycle of the load-drift ratio relationship of specimen W1 is shown in Figure 3-1. The two 
broken lines are tangents to this curve before and after cracking. The coordinates of the 
intersection of these tangents are defined as the cracking load ( ) and the drift ratio at cracking 
( ). Measured initial stiffness ( ) is defined as , where  is the distance from 
the wall base to loading point. 
 
Drift ratio at yield ( ) and drift capacity ( ) were defined as in the database described in 
Appendix C. Drift ratio at yield ( ) is defined as the drift ratio measured at the intersection of 
the secant to the load-drift ratio curve at 0.75Vmax and horizontal line at peak shear force 
(Line A in Figure 3-2). Drift capacity ( ) is defined as the drift ratio at the intersection of 




ratio of this intersection is no less than the drift ratio corresponding to the peak shear force 
( ). 
 
3.3. Surface Strain Distributions 
Optotrak readings were used to calculate surface strain distributions in both longitudinal and 
transverse directions, where the longitudinal direction is the direction perpendicular to the lateral 
load and transverse direction is the direction parallel to the lateral load. Spacing of the Optotrak 
targets varied from the wall base to the loading point as shown in Figure 2-12.  
 
3.3.1. Longitudinal Strain Distributions 
Longitudinal surface strains were calculated using the following equation: 
  3-1 
Where: 
 : surface longitudinal strain at a given station.  
     Station is defined in Figure 3-9. 
     All other parameters are defined in Figure 3-10. 
 
Figure 3-11 to Figure 3-34 show surface longitudinal strains plotted versus distance to the north 
face of the specimen. The strains plotted are the mean strains measured for all cycles at the same 
drift target. These strains were computed for four stations and for drift ratio ranging from 0.25% 
to 3.0%. Stations are identified in Figure 3-9. 
 
Figure 3-35 to Figure 3-58 show maximum strains measured at the edges of boundary elements 
during each loading cycle versus number of loading cycles and drift ratio. These strains were 
computed using the Optotack targets glued at both ends (north and south boundary elements) of 
Station 0-2.5 (Figure 3-9). Locations of calculated strains and loading directions are shown in 
Figure 3-35 to Figure 3-58. Station 0-2.5 was the closest station to the wall base and was 
subjected to a larger moment than other stations. Extreme fibers in compression and tension in 





Up to drift ratios varying from 1.0% to 1.5%, surface strains measured in the boundary element 
expected to work in compression increased (in absolute value) with drift ratio. Consider 
Specimen W1 for instance. In Figure 3-35, the maximum strain was -0.0038 in cycle 15 (third 
cycle at a drift ratio of 2.0%), and -0.0057 in cycle 16 (first cycle at a drift ratio of 3.0%). For 
drift ratios of approximately 1% or more, the maximum strain decreased in absolute value with 
additional cycles at the same drift ratio. For example, in Figure 3-35, the maximum strain was -
0.0057 in cycle 16 (first cycle at a drift ratio of 3.0%), -0.0045 in cycle 17 (second cycle, drift 
ratio of 3.0%), and -0.0039 in cycle 18 (third cycle at a drift ratio of 3.0%). 
 
The sign of surface strain measured in the boundary element expected to work in compression 
near the north and south faces of the specimen changed from negative to positive in specimens 2, 
3, 4, 5 and 6, indicating the accumulation of permanent tensile strain. For example, in Figure 
3-47, the maximum strain was -0.0014 in cycle 19 (first cycle at a drift ratio of 1.5%), and 0.0009 
in cycle 20 (second cycle at a drift ratio of 1.5%). Strain values kept drifting towards larger 
positive values with additional cycles. In the same figure, the strain was 0.0022 in cycle 22 
(fourth cycle at a drift ratio of 1.5%), and 0.0029 in cycle 24 (sixth cycle at a drift ratio of 1.5%). 
 
Maximum tensile surface strain measured in the boundary element expected to work in tension 
near the north and south faces of the specimen increased with drift ratio. For example, in Figure 
3-36, the maximum strain was 0.024 for a drift ratio of 2.0%, and 0.036 for a drift ratio of 3.0%. 
Tensile surface strains were nearly constant for cycles with same drift ratio when the drift ratio 
was lower than 2.0%. For example, in the same figure, the peak tensile strain was 0.024 in cycle 
13 (first cycle at a drift ratio of 2.0%), 0.024 in cycle 14 (second cycle at a drift ratio of 2.0%), 
and 0.025 in cycle 15 (third cycle at a drift ratio of 2.0%). At drift ratios larger than 2.0%, the 
strains in boundary elements working in tension tended to increase with additional cycles. For 
instance, in Figure 3-48, the peak tensile strain was 0.082 in cycle 31 (first cycle at a drift ratio of 
3.0%), 0.091 in cycle 36 (sixth cycle at a drift ratio of 3.0%).  
 
Discussions about the test results and plausible reasons for the observed strain distributions are 





3.3.2. Transverse Strain Distributions 
Transverse strains were computed by dividing the change in the distance between two adjacent 
targets located on a given cross-section by the initial distance between them. For instance, for 
targets A and B in Figure 3-59, the transverse strain is: 
  3-2 
Where  and  are the distances between A and B after and before loading. 
 
Figure 3-60 to Figure 3-65 show surface transverse strain plotted versus the distance to the north 
face of the specimen. Transverse strains plotted are the mean strains computed for five layers of 
targets marked  to  in Figure 3-59. Strains in these figures are the mean strains of loading 
cycles at the same drift target for drift ratios ranging from 0.25% to 3.0%. 
 
3.4. Curvature Distributions 
Optotrak readings were used to calculate the curvature distributions from the wall base to a 
distance of 20 in. from the wall base using two different procedures. These procedures and their 
results are described and compared in this section. 
 
For the first procedure, curvature distributions were calculated using the two outermost layers of 
Optotrak targets (Figure 3-10): 
  3-3 
Where: 
 : unit curvature of a given section; 
All other parameters are defined in Figure 3-10.  
 
The computed curvatures are the mean values of the curvatures computed for all the cycles at the 
same drift ratio. Curvature distributions computed using this procedure for drift ratios ranging 
from 0.25% to 3.0 % are shown as solid lines in Figure 3-66 to Figure 3-71. 
 
Curvature distributions were also calculated using the strain distributions described in Section 




computed from the slope of this line. Curvature distributions calculated using this method are 
shown by dashed lines in Figure 3-66 to Figure 3-71. 
 
3.5. Lateral Displacement Components 
Lateral displacements were calculated using the Optotrak readings at each drift target. These 
displacements are compared with the displacements measured by LVDTs (Section 3.2) in this 
section.  
 
Angular changes in the Optotrak targets (locations shown in Figure 3-73a) were assumed to be 
related to bending, shear distortion, and core expansion (Figure 3-72). Terms in Equations 3-4 
through 3-15 were defined in Figure 3-72. Angular changes were determined as follows 
(Rautenberg, 2011): 
  3-4 
  3-5 
  3-6 
  3-7 
 
The angles  and  and the deformed angles , , , and , were computed using the 
cosine law: 


























Mean rotations were computed as follows: 
  3-16 
 
Mean shear distortions were computed as follows: 
  3-17 
 
Lateral displacements were assumed to have two components: displacements related to bending 
and reinforcement slip, and displacements related to shear distortion (Figure 3-73). 
 
The displacement related to bending and reinforcement slip was calculated using the following 
equation: 
  3-18 
Where: 
: displacement caused by bending 
 : rotation of a given section 
 : defined in Figure 3-73 
 
Displacements related to bending and reinforcement slip are plotted in Figure 3-74 through 
Figure 3-79. 
 
The displacement related to shear distortion was calculated using the following equation: 





: displacement caused by shear distortion 
: shear distortion of a given station1 
: height of shear distortion of a given station1 
 
Displacements related to shear distortion are plotted in Figure 3-74 through Figure 3-79. 
 
The total displacement calculated using the Optotrak readings is: 
  3-20 
 
The total displacements calculated from the Optotrak readings are plotted and compared with 
total displacements measured by LVDTs as shown in Figure 3-80 to Figure 3-85. The maximum 
difference between the displacements measured by LVDTs and the displacements computed from 
the Optotrak readings is 0.08 in. (Figure 3-86). This value is equal to a drift ratio of 0.18%. 
 
The ratios of displacements related to bending and slip, and displacements related to shear 
distortion to total displacements calculated from the Optotrak readings are shown in Figure 3-87. 
With increase in drift ratio from 0.25% to 4.0%, the displacements related to bending and slip 
decreased from 95% to 80% of the total displacements, and the displacements related to shear 
distortion increased from approximately 5% to nearly 20% of the total displacements. 
 
3.6. Crack Patterns 
The test series was designed to investigate the effect of two parameters: 1) the effect of anchorage 
of longitudinal web reinforcement, and 2) number of loading cycles at each drift ratio. In 
Specimens W1, W3 and W5, the longitudinal reinforcement in the web was anchored in the 
foundation block. In specimens W2, W4, and W6, the longitudinal reinforcement in the web was 
cut off at the base of the specimen (Figure 2-4).  Loading cycles at each drift ratio is illustrated in 
Table 2-5, the total number of cycles applied at each drift target was: 3 for W1 and W2 (Group 
1), 6 for W3 and W4 (Group 2) or 12 for W5 and W6 (Group 3). 
                                                      




Cracks were mapped and recorded at the first and last cycles of each drift ratio. Crack patterns 
observed in the first cycle for each drift target are shown in Figure 3-88 through Figure 3-93. In 
these drawings, numbers close to cracks indicate crack widths, in thousandths of an inch. 
 
At a drift ratio of 0.25%, all the specimens developed 3 to 6 flexural cracks with crack widths 
smaller than 0.005 in. on both their north and south faces. At a drift ratio of 1.0%, all the 
specimens had approximately 10 cracks on both their north and south faces, with the maximum 
crack width ranging from 0.015 to 0.035 in. For larger drift, crack widths increased but the 
number of cracks on the north and south faces remained at approximately 10. 
 
Crack widths are shown in Figure 3-88 through Figure 3-93. Maximum crack widths measured on 
the north and south faces of the specimens are listed in Table 3-2. The measurements indicate that, 
for a given drift target, specimens with reinforcement cutoffs (W2, W4, and W6) had wider 
cracks than specimens with continuous reinforcement (W1, W3, and W5).  
 
Flexural cracks extended into the web when the drift ratio reached 1.0%, forming inclined cracks 
in the web. The angles between these inclined cracks and the transverse direction varied from 30 
degrees to 60 degrees. The number and width of these inclined web cracks increased with 
increases in drift ratio. Wider diagonal web cracks concentrated within 10 in. from the bases of 
the walls, with a maximum crack width of approximately 0.1 in. at drift ratios exceeding 3%. 
 
Splitting cracks perpendicular to the loading direction and at the boundary elements formed 
earlier in specimens with reinforcement cutoffs (W2, W4, and W6) than in specimens with 
continuous reinforcement (W1, W3, and W5). 
 
3.7. Failure Mechanisms 
In all specimens, the test was stopped after a 20% decrease in lateral-load carrying capacity was 
observed. That decrease was always associated with buckling of boundary-element longitudinal 
reinforcing bars in the boundary element in compression. In specimen W1, buckling of the 
boundary-element longitudinal reinforcing bars was preceded by the widening of an inclined 
crack that appeared to have affected the load-deflection curve (Figure 3-94)1. 
                                                      





Specimen W1 (continuous reinforcement in the web and 3 repetitions for each drift target) 
developed large inclined web cracks in the second cycle at a drift ratio of 5.0%, leading to a loss 
in lateral-load carrying capacity of 10%. These inclined cracks propagated into the compression 
zone at the base of the north boundary element. The longitudinal bars in this boundary element 
were observed to have buckled during the third cycle at a drift ratio of 5.0%. A photograph of 
specimen W1 after failure is shown in Figure 3-95. 
 
Specimen W2 (cutoff-longitudinal reinforcement in the web and 3 repetitions for each drift target) 
developed 0.1 in.-thick splitting cracks at the bases of both the north and south boundary 
elements during the third cycle at a drift ratio of 4.0%. These splitting cracks were connected to 
inclined cracks that formed in preceding load reversals. A piece of concrete at the base of the 
south boundary element spalled off by the end of the third cycle at a drift ratio of 4.0%. Loss of 
lateral load carrying capacity was detected and buckling of the longitudinal bars in the south 
boundary element was observed at a drift ratio of 5.0% (Figure 3-96).  
 
Specimen W3 (continuous reinforcement in the web and 6 repetitions for each drift target) had a 
similar inclined crack pattern as specimen W1. Concrete cover at the base of the north boundary 
element spalled off by the end of the fifth cycle at a drift ratio of 4.0%. The longitudinal bars in 
the north boundary element were observed to have buckled during the sixth cycle at a drift ratio 
of 4.0%. A photograph of specimen W3 after failure is shown in Figure 3-97. 
 
Specimen W4 (cutoff-longitudinal reinforcement in the web and 6 repetitions for each drift target) 
failed in the same manner as specimen W3, except that specimen W4 lost concrete cover by the 
end of the first cycle at a drift ratio of 4.0%. The longitudinal bars in the north boundary element 
were observed to have buckled during the second cycle at a drift ratio of 4.0%. A photograph of 
the specimen W4 after failure is shown in Figure 3-98. 
 









Specimen W5 (continuous reinforcement in the web and 12 repetitions for each drift target) lost 
concrete cover at the bases of both north and south boundary elements after the third cycle at a 
drift ratio of 4.0%. The longitudinal bars in the north boundary element were observed to have 
buckled and loss of later-load carrying capacity was detected in the following loading cycle 
(Figure 3-99).  
 
Specimen W6 (cutoff-longitudinal reinforcement in the web and 12 repetitions for each drift 
target) had concrete spalled off from both boundary elements and the web when a drift ratio of 
3.0% was applied. At the fifth cycle of a drift ratio of 3.0%, the longitudinal bars in the north 
boundary element were observed to have buckled. A photograph of specimen W6 after failure is 
shown in Figure 3-100. 
 
All specimens lost lateral-load carrying capacity because of the buckling of longitudinal bars in 
the boundary elements. Concrete disintegrated at lower drift ratios when more cycles were 
applied at each drift target. In each comparison group, specimens with cutoffs (W2, W4, and W6) 
failed at lower drift ratios or sustained fewer cycles at the same drift ratio compared with 
















This chapter discusses the experimental results. First, measured and analytical moment-curvature 
relationships and shear strengths are compared. Envelopes of load-drift ratio relationships and 
tensile strains are also compared. Drift ratio at cracking and at flexural yielding is estimated. A 
new procedure to estimate limiting drift ratio of slender structural walls with longitudinal 
reinforcing bars prone to buckling is proposed. 
 
It is shown that, specimens with longitudinal web reinforcement cutoff experienced 
approximately tensile unit strains 50% larger than in the case of specimens with continuous 
longitudinal web reinforcement. This increase in tensile unit strain, in turn, caused a decrease in 
the drift capacity of the scaled structural walls tested. 
 
4.2. Moment-Curvature Relationships 
4.2.1. Analytical Moment-Curvature Relationships 
Measured concrete properties were used to compute moment-curvature relationships. It was 
assumed that strain varies linearly through the depth of the cross section. Other assumptions are 
described below. 
 
Equations 4-1 and 4-2 were used to generate stress-strain relationship of the reinforcing bars: 
  4-1 
  4-2 
Where:  
: unit stress in reinforcing bar 
: unit strain in reinforcing bar 




: modulus of the reinforcing bar 
: ratio of the “post-yield” slope to “pre-yield” slope ( , in the stress-strain 
relationship), Table 4-1 
 
Parameters used to generate the stress-strain relationship of reinforcing bars are listed in Table 
4-1. Results are compared with measured values in Figure 4-1 and Figure 4-2. 
 
The formulation proposed by Hognestad (1951) is used to relate unit strain and unit stress in the 
concrete: 
  4-3 
  4-4 
Where:  
: unit stress in concrete 
: unit strain in concrete 
: specified compressive strength of concrete in the member, taken as 1 
:  
 
The limiting compressive strain of concrete was taken as 0.004. Elastic modulus of concrete was 
taken as  for  in psi units. Tensile strength of concrete was calculated using the 
shear force at cracking (Table 3-1) and listed in Table 4-2: 
 
  4-5 
Where: 
 : tensile strength of concrete 
: measured compressive strength of concrete 
: , cracking moment 
: moment of inertia of gross concrete section about centroidal axis 
: distance from centriodal axis of gross section 
                                                      
1Hognestad. (1951) used  accounting for the effect of casting position, which did not apply in 




: cracking shear force 
: distance from wall base to loading point 
 
Analytical moment-curvature diagrams are shown in Figure 4-10 to Figure 4-15. 
 
4.2.2. Moment-Curvature Relationships Obtained from Optotrak Readings 
Moment-curvature relationships were also computed using Optotrak readings. Moment-curvature 
relationships referred to the five stations in the middle of two layers of Optotrak targets as defined 
in Figure 4-9. Two curves were plotted for each station, one for loading from south to north 
(defined as positive loading) and the other for loading from north to south (defined as negative 
loading). Readings from the section (one inch from the wall base) between the first two layers of 
Optotrak targets, were not included because additional curvature was introduced to this section by 
slip of longitudinal reinforcing bars. 
 
Moments were calculated using measured lateral load multiplied by its distance to the section 
considered. Curvatures were calculated using Optotrak targets using the second procedure 
presented in Section 3.4.  
 
4.2.3. Comparison of Moment-Curvature Relationships 
Analytical moment-curvature relationships were compared with moment-curvature relationships 
obtained experimentally through Figure 4-10 to Figure 4-15. Experimental moment-curvature 
relationships consistently showed lower moments at yield compared with the calculated ones.  
 
The observed yield moment, identified by a change of slope in the experimental moment-
curvature relationship, decreased with distance from the wall base. The stations, located 12.3 in. 
and 17.3 in. away from the wall base, did not reach yield moment during the test. Theoretically, 
moment-curvature diagram is not sensitive to distance from wall. A plausible explanation for the 
discrepancy between the analytical moment-curvature diagrams and the diagrams obtained from 
strain measurements is given below. 
 
From equilibrium, it is clear that the moment at the wall base was higher compared with moments 




bars in the boundary elements at the wall base yielded, yielding of the bars began to spread away 
from the wall base. In this test program, the longitudinal reinforcing bars are believed to have 
yielded up to 10 in. from the wall base. From equilibrium, it follows that the neutral axis depth 
increases with distance to wall base leading to smaller yield moment after the bar yielded away 
from the wall base. 
 
A simple finite-element model constructed using Abaqus (Dassault Systèmes, 2012) was 
analyzed (Figure 4-16a). This model was composed of two parts: a concrete block and two 
reinforcing bars. It had the same dimensions as the test specimens (Figure 2-1 and Figure 2-2), 
while concrete was removed in the tension side up to 10 in. from the base. All the materials were 
assumed to be linear, with an elastic modulus of 4000 ksi for concrete and 29000 ksi for 
reinforcing bars. Ends of reinforcing bars in contact with concrete surface were constrained to 
have the same displacement of the contacting concrete. Both of the concrete block and the bars 
were fixed at the base. A unit load of 1 kip was applied monotonically at the top of the wall.  
Longitudinal strain distributions determined by the analysis is shown in Figure 4-16(b). 
Longitudinal strain distribution of bottom 10 in. of the model is shown in Figure 4-17. 
 
Figure 4-18 and Figure 4-19 show stress and strain distributions of the following four locations: 
at base, 2.5, 5, and 7.5 in. from the base. Tensile stress and strain were uniformly distributed 
along the length of the reinforcing bars.  Neutral axis depth increased from the wall base to a 
distance of 7.5 in.(Figure 4-19). This increase of neutral axis depth reduced the moment arm and 
reduced resulting moment for sections further from the base. Meanwhile, tensile stress and strain 
in the rebar of sections further from the base were the same as the strain and strain in the rebar at 
the base. 
 
4.3. Calculated Forces vs. Measured Forces 
Nominal shear strength ( ) was calculated as:  
  4-6 
Where: 
 : gross area of concrete section bounded by web thickness and length of section 
in the direction of shear force considered 




: transverse reinforcement ratio 
: measured yield strength of reinforcement 
 
Modulus of rupture of concrete was taken as tensile strength of concrete. 
 
Calculated results are listed in Table 4-2. The ratio of modulus of rupture of concrete to  (in 
psi) is also listed in the table. The mean  ratio was 6.6.
 
Flexural strength of the specimens was obtained from the moment-curvature relationships 
discussed in Section 4.2. Shear related to flexural strength was calculated as flexural strength 
divided by the height from the wall base to the loading point. Lateral loads related to flexural 
strength and the maximum measured lateral loads are listed in Table 4-3.  
 
Figure 4-21 compares nominal shear strength, measured peak shear, and shear associated with 
flexural strength. The comparison shows that all specimens were expected to reach their flexural 
capacities. The mean ratio of measured to computed flexural capacity was 0.95. 
 
4.4. Comparison of Specimens 
4.4.1. Envelopes of Load-Drift Ratio Relationships 
Figure 4-22 shows envelops of load-drift ratio relationships of all the specimens. These envelopes 
were generated by connecting the peaks of the load-drift ratio relationships obtained in the first 
loading cycle at each drift target. All the specimens had same initial stiffness. Specimens with 
continuous longitudinal web reinforcement (W1, W3, and W5) reached comparable lateral loads 
in the first cycle at a given drift ratio. The same trend was true for specimens with longitudinal 
web reinforcement cutoffs (W2, W4, and W6). Specimens with longitudinal web reinforcement 
cutoffs consistently showed lower capacities compared with specimens with continuous 
longitudinal web reinforcement. 
 
The peak load measured in the last stable cycle for each drift target was plotted against drift ratio 
in Figure 4-23. Specimens with more applied cycles had a lower drift capacity (defined in Section 




4.4.2. Maximum Tensile Unit Strain 
Figure 4-24 to Figure 4-26 compare the maximum tensile unit strains measured for the two 
specimens in the same group. In each group, there was one specimen with continuous 
longitudinal reinforcement and another with longitudinal web reinforcement cutoffs. Specimens 
in a group were subjected to same load cycles. Specimens with discontinuities (W2, W4 and W6) 
consistently reached larger unit tensile strains (on average, approximately 50% larger, Figure 
4-27) compared with specimens with continuous longitudinal web reinforcement. 
 
Figure 4-28 and Figure 4-29 compare specimens with the same reinforcement layout but 
subjected to different loading cycles (Specimens W1, W3 and W5; Specimens W2, W4 and W6). 
Similar maximum tensile unit strain values were measured for specimens with the same 
reinforcement layout, but these strains did not always increase when more cycles were applied. 
 
4.5. Drift 
Lateral drift was estimated assuming it has three components: drift related to bending, drift 
related to shear distortion, and drift related to slip. These drift components were estimated at the 
following three loading stages: cracking, flexural yielding, and limiting loading stage. 
 
 
4.5.1. Drift Ratio at First Flexural Crack 
Drift at first flexural crack was computed using the gross section of the wall and the assumed 
Young’s Modulus. This drift was assumed to have two components: drift related to bending and 
drift related to shear distortion. Drift related to slip was assumed to be negligible at this loading 
stage. Measured cracking loads (which varied from 0.55 kips to 0.78 kips as listed in Table 3-1) 
were used to calculate these drift components. 
 
4.5.1.1. Drift Ratio Related to Bending 
For a cantilever with a concentrated load at its free end, stiffness ( ) is: 





: initial stiffness of the specimen 
: measured lateral load at cracking 
: displacement at cracking,  
: height of wall from wall base to loading point 
: drift ratio related to bending 
: elastic modulus of concrete  
: moment of inertia of the gross cross section 
 
Computed initial stiffness is listed in Table 4-4. Measured initial stiffness is approximately 70% 
to 80% of the calculated values for specimens W1 to W41, nevertheless, and approximately 40% 
for specimen W6. One plausible explanation for this difference is that shrinkage cracks at the 
base of specimen W6 formed before testing, resulting in reduction in initial stiffness. 
 
The mean of measured initial stiffness was approximately 70% of the calculated stiffness 
calculated based on elastic theory, suggesting that the specimen was less stiff than the theoretical 
one. For the stiffness computed, the wall segment was assumed to be fixed at its base. The 
specimens were cast together with a reinforced concrete foundation. This foundation (Figure 2-9) 
was fastened to the testing platform using ten high strength rods tightened to 10 kips each. Slip of 
the foundation may have introduced additional deflection. Indentations of the foundation may 
have also reduced the initial stiffness, and increased the lateral drift. 
 




Measured drift ratio at cracking was 0.01% to 0.02% higher compared with calculated drift ratio 
for specimens W1 to W4, and 0.06% higher for specimen W6. As mentioned before, W6 may 
have had initial shrinkage cracks at its base before testing. 
 
                                                      
1 First quarter of the first loading cycle of Load-Drift Ratio curve of specimen W5 was not recorded 




4.5.1.2. Drift Ratio Related to Shear Distortion 
For a homogeneous linear and prismatic cantilever, the drift ratio related to shear distortion ( ) 
is: 
  4-9 
Where: 
: drift ratio related to shear distortion 
: area of the gross cross section 
: shear modulus, ,  was assumed to be 0.2 for concrete 
 
Calculated drift ratio related to bending was approximately 0.03% to 0.04%. Calculated drift ratio 
related to shear distortion was approximately 0.002%. The deformation related to shear distortion 
was calculated to be 6% of the total displacement. 
 
4.5.2. Drift Ratio at Flexural Yielding 
The drifts at flexural yielding, as defined in Section 3.2 were obtained from the measured load-
deflection curves described in Section 3.2 and are listed in Table 3-1. These values were 
compared with calculated values obtained as the sum of components attributed to bending, shear 
distortion, and slip. 
 
4.5.2.1. Drift Ratio Related to Bending 
As shown in Figure 2-5 and Figure 2-6, the longitudinal reinforcing bars did not have well 
defined yield plateaus. The yield stress of the #3 bars, as defined in Section 2.3.2, was 80 ksi.  
 
Drift ratio related to bending at flexural yielding was calculated using the unit curvature at 
flexural yielding ( ) obtained from the computed moment-curvature relationship (Section 4.2). 
This curvature corresponded to a tensile strain in the longitudinal reinforcing bars of 
approximately 0.0025, which is the intersection of the two tangents (Figure 4-1). The distribution 
of curvature was assumed to vary linearly from the wall base to the loading point loading to a 
drift ratio related to bending ( ) of: 





: unit curvature at flexural yielding 
 
4.5.2.2. Drift Ratio Related to Shear Distortion 
At yield, concrete had cracked, making elastic theory not applicable. Shear distortion could not be 
estimated using Equation 4-9. Rautenberg (2011) suggested that, for reinforced concrete columns, 
shear deformation at flexural yielding was approximately 15% of the total displacement. 
Thomsen and Wallace (1995) wrote that, “errors resulting from the exclusion of shear will not 
exceed approximately 10-15% for any of the wall specimens” in his test program.  
 
Based on the mean ratios of measured to calculated displacement, Matamoros (1999) suggested 
that, at the flexural yielding of longitudinal reinforcement, the shear stiffness was reduced to 
 of the initial shear stiffness. Lateral load at flexural yielding ranged from 3.3 kips to 4.0 
kips, which was approximately five times the cracking load. Therefore, at flexural yielding, drift 
related to shear distortion was approximately 50 times the drift at cracking, resulting in a drift 
ratio related to shear of approximately 0.1%. 
 
Table 3-1 shows that the specimens yielded at drift ratios ranging from 0.9% to 1.3%. Figure 3-87 
shows that the displacement related to shear distortion at a drift ratio of 1.0% was approximately 
5% to 15% of the total displacement. Measured results in this study were consistent with the 
mentioned findings of other test programs. Drift ratio related to shear distortion was estimated as: 
  4-11 
Where: 
: drift ratio at flexural yielding 
 
4.5.2.3. Drift Ratio Related to Slip 
There are many factors that may affect bond stress and reinforcement slip such as concrete 
properties, surface properties of reinforcing bars, anchorage length, and thickness of cover. Slip is 






Abrams (1913) and Mains (1951) concluded that bond stress is not uniformly distributed along 
the embedded length of a reinforcing bar. Unit bond stress is higher near the loaded end of the bar. 
To compute , unit bond stress was assumed to be distributed linearly (Figure 4-30). At the 
surface of wall base, the expected steel stress was 80 ksi ( ) and the corresponding strain was 
0.0025.  
  4-12 
Where: 
: yield stress of # 3 longitudinal reinforcing bars, assumed to be 80 ksi 
: diameter of #3 reinforcing bar,  
: anchorage length of #3 reinforcing bar, assumed to be  
: distance from the wall base 
: maximum unit bond stress (at the wall base) 
 
The value of  obtained by solving equation 4-12 was 750 psi, which was approximately 
. Mean unit bond stress along the anchorage length was 375 psi, which was approximately 
. The anchorage length to bar diameter ratio ( ) was 53. It was assumed that yield stress 
of the reinforcing bar was fully developed through this anchorage length. 
 
The drift ratio caused by slip ( ) is given as: 
  4-13 
Where: 
: slip of the longitudinal reinforcement,  
: effective depth of the cross section, was approximately 8.7 in. 
: depth of neutral axis at flexural yielding 
: taken as 32000 ksi,  (Table 4-1) 
 
4.5.2.4. Comparison between Measured and Calculated Drift at Flexural Yielding 
At flexural yielding, calculated drift ratio components related to bending, shear and slip, as well 




yielding was approximately 1.0%. Measured drift ratio at flexural yielding is listed in Table 3-1. 
The maximum difference between measured and computed drift ratio is approximately 0.3%. 
 
4.5.3. Limiting Drift Ratio 
4.5.3.1. Introduction 
Previous studies (Mattock, 1965; Corley, 1966; Thomsen and Wallace, 2004; Dazio et al., 2009; 
Rautenberg, 2011; Takahashi et al., 2013) suggested that, limiting drift ratio of reinforced 





: curvature at flexural yielding 
: limiting curvature 
: plastic hinge length 
 
In Equation 4-14, limiting drift ratio has two components. The first term is related to drift ratio at 
flexural yielding as defined in 4.5.2. After flexural yielding, plastic deformations accumulate near 
the base of the wall along length  (defined in Section 4.5.3.2). The second term is related to 
these plastic deformations.  
 
4.5.3.2. Evaluation of Equation 4-14 
Equation 4-14 implies that plastic deformations are uniformly distributed along length . But 
Figure 3-66 to Figure 3-71 show that plastic tensile deformations were linearly (instead of 
uniformly) distributed along a distance ranging from half to three quarters of the wall length. 
Escolano- Margarit et al. (2012) and Dazio et al. (2009) made similar observations in larger walls 
and observed the length of the zone with plastic tensile deformations to be approximately half the 
wall length. 
 
Limiting concrete strain, the shape of the strain distributions, and stress-strain relationships of 
concrete and steel need to be assumed to compute limiting curvature . Matamoros (1999), 




limiting concrete compressive strain approaching 0.008. But measured longitudinal surface 
strains (Section 3.3.1, Figure 3-35 to Figure 3-58) changed from compression (negative) to 
tension (positive) in five out of six specimens (Section 3.3.1). This change indicates that, the 
concept of limiting concrete strain is not useful in estimating limiting drift ratio for the specimens 
in this test program. 
 
4.6. A Method to Estimate the Limiting Drift Ratio 
 
4.6.1. Effect of Load Reversals 
The key event limiting the drift capacity of the specimens described in Sections 3.6 to 3.7 was 
buckling of longitudinal boundary element reinforcement. It is found that buckling occurs 
when the ratio of bar stress to tangential modulus of elasticity reaches a critical value. To 
understand how this ratio varies with load reversals, evidence from cyclic bar tests is 
examined next. 
 
Aktan (1973) tested nine coupons, including six #9 deformed bars and three #6 deformed bars. 
Dimensions of these coupons are shown in Figure 4-31. They were subjected to strain reversals 
with maximum compressive strains of 0.06 and differences between maximum and minimum 
strain of 0.09. The stress-strain curve measured for a #9 coupon is shown in Figure 4-32. Aktan 
also developed a mathematical formulation to reproduce the test results. This formulation is based 
on the Ramberg-Osgood function (Ramberg and Osgood, 1943) to describe the stress-strain 
relationship of each half cycle. Figure 4-33 shows a comparison of numerical and test results for a 
#9 coupon. 
 
The formulation developed by Aktan (1973) was adopted to simulate the stress-strain 
relationships of the longitudinal reinforcing bars used in this test program. It is important to 
note that slip of longitudinal bars led to discrepancies between the strain distribution measured 
on the concrete surface and strain in the longitudinal bars. Nevertheless, to simplify 
calculation, it was assumed that the strain measured on the surface of a specimen is equal to 
the strain in the longitudinal bar. Longitudinal strains at the surface were computed using 





The #3 deformed bars used in this test program did not have a well-defined yield plateau 
(Figure 2-5) and their properties were different from the properties of the coupons tested by 
Aktan (1973). Because of these differences, the formulation proposed by Aktan (1973) was 
modified as described below: 
1.  for  4-15 
2.  for  4-16 
for first half loading cycle before reversal, where: 
    
3.   4-17 
for subsequent cycles, where: 
: modulus of steel, taken as 29000ksi 
: strain 
: nominal yield stress 
: initial values of the strain and stress at the beginning of the half cycle 




: maximum tensile and compressive stress reached in the previous half cycle 
 
Stress-strain relationships of longitudinal reinforcing bars in the boundary element near the 
north and south faces of the specimens reported in this thesis were generated using measured 
surface strains and the rules described above (Figure 4-34 to Figure 4-45). 
 
Permanent strain is defined as the strain remaining in the reinforcing bar after the stress in the 
bar is reduced to zero. Permanent strain increased with increasing drift ratio. For example, in 
Figure 4-34, the permanent strain was approximately 0.034 for a drift ratio of 2.0%, and 





The stress developed in the longitudinal bars in compression counteracted a large share of the 
stress in the longitudinal bars in tension. For example, in Figure 4-34, the estimated tensile 
stress of the longitudinal bar near the north face of specimen W1 was 70 ksi for a drift ratio of 
2.0%. In Figure 4-35, the compressive stress of the longitudinal bars near the south face of 
specimen W1 was negative 64 ksi for the same drift ratio. 
 
For a given drift ratio, the permanent strain increased during repeated cycles. For example, in 
Figure 4-40, the permanent strain was 0.079 for the first cycle at a drift ratio of 4.0%, and 
0.088 for the sixth cycle at the same drift ratio. 
 
4.6.2. Buckling Index 
All the specimens in this program failed in flexure. All specimens tested reached their 
nominal flexural strength. Their deformation capability was limited by buckling of the 
reinforcement in compression (Section 3.7). In one case (Specimen W1), the deformation 
limit could have been ascribed to an inclined crack (Figure 3-95) that widened during the 
cycle preceding the cycle in which failure occurred. 
 
In 1757, Euler derived an expression to estimate axial load at buckling. In 1889, Engesser 
extended the Euler expression to the nonlinear range of response, simply by replacing the 
initial modulus with the tangential modulus. This expression is known as the tangent modulus 
expression. For a round bar: 
  4-18 
where: 
: critical stress 
:  
: radius of the bar,  
:  
 






Equation 4-19 shows that the ratio of tangential modulus to critical stress is a function of the 
unsupported length, the radius of the bar and coefficient . This ratio was estimated from the 
stress-strain relationships described in Section 4.6.1 (Section 4.6.3). Buckling length  and the 
coefficient , are discussed in subsequent sections. 
 
4.6.3. Ratio of Tangential Modulus to Stress 
Figure 4-46 shows the last cycle of the stress-strain relationship of the longitudinal bars 
located near the south face of specimen W1. In the tests reported, as the bar was loaded from 
zero stress to the maximum stress , the tangential modulus  decreased. In the 
unloading branch, after the stress in the bar reached , the tangential modulus  was 
nearly constant. Permanent strain in the bar was approximately 0.06. When the bar was loaded 
in the opposite direction, the tangential modulus  decreased again with increase in stress . 
The ratio  decreased with increase in stress  regardless of loading direction. When the 
stress reached an absolute maximum  or , the ratio  reached a minimum.  
 
The ratio of tangential modulus  to peak compressive stress  was calculated for all the 
loading cycles and bars located near the north and south faces of the specimens. This ratio is 
plotted against peak tensile strain in the previous half cycle as shown in Figure 4-47. 
 
The ratio  decreased with an increase in peak tensile strain. It is expected that a decrease 
in the ratio  increases the likelihood of buckling. The trend in Figure 4-47 can be 
approximated closely using Equation 4-20 (Figure 4-47). 
  4-20 
where: 
: maximum tensile strain reached in the longitudinal reinforcing bar in the 
previous cycle 
 
4.6.4. Tensile Strain and Drift Ratio 
It was shown in Section 4.6.3 that the ratio  can be expressed as a function of tensile strain 






In this section, the term maximum strain refers to the maximum tensile strain measured in a 
given cycle. Figure 4-48 shows maximum tensile strain versus drift ratio for all specimens 
tested in this program. For a given drift ratio, specimens with discontinuous longitudinal web 
reinforcement (represented by hollow triangles in Figure 4-48) reached approximately 50% 
higher tensile strains than specimens with continuous longitudinal web reinforcement 
(represented by solid triangles in Figure 4-48).  
 
Data from structural walls tested by other researchers (Table 4-6, Villalobos, 2014; Dazio et 
al., 2009; and Thomsen and Wallace, 1995) were also added to Figure 4-48 to produce Figure 
4-49. Villalobos (2014) tested six large-scale structural walls. Specimens WMCC and WMCN 
had mechanical couplers connecting longitudinal bars above and below wall base (marked as 
solid diamond shapes in Figure 4-49). The other four specimens had lap splices of either  
or  above wall base. Specimens tested by Thomsen and Wallace (1995) and Dazio et al. 
(2009) had continuous longitudinal bars. In Figure 4-49, specimens with lap-spliced 
longitudinal bars reached approximately 40% larger maximum tensile strains than specimens 
with continuous longitudinal bars. 
 
The data plotted in Figure 4-49 were divided into two groups. The first group was related to 
specimens with continuous longitudinal reinforcement. An approximate relationship between 
maximum tensile strain in continuous longitudinal reinforcement and maximum drift ratio was 
inferred from this figure: 
  4-21 
 
The second group was related to specimens with discontinuous longitudinal reinforcement, 
either longitudinal web reinforcement cutoffs (e.g. W2, W4 and W6) or lap-splices near the 
wall base (e.g., W60N by Villalobos, 2014). An approximate relationship between maximum 
tensile strain in longitudinal reinforcement in the boundary element and maximum drift ratio 
was inferred from this figure: 





4.6.5. Effective Buckling Length 
Combining Equation 4-19 and Equation 4-20: 
  4-23 
Solving for : 
  4-24 
Combining Equation 4-21, Equation 4-22 and Equation 4-24: 
  4-25 
for specimens with continuous longitudinal reinforcement. 
  4-26 
for specimens with discontinuous longitudinal reinforcement. 
where: 
:  
: radius of the bar,  
:  
: maximum tensile strain reached in the longitudinal reinforcing bar in the 
previous cycle 
: drift ratio capacity 
 
There are three unknowns in Equation 4-25 and Equation 4-26, drift capacity DR, buckling 
length  and coefficient  (expected to be related to boundary conditions). 
 
Thomsen and Wallace (1995) assumed the buckling length  to be equal to spacing of 
transverse ties. Figure 4-50 shows a photograph of specimen W4 after longitudinal bars 
buckled. The buckling length was approximately 7 in. This length is more than twice the 
spacing of ties (3 in.). Figure 4-51 shows buckling of longitudinal bars in a boundary element 
of specimen W40C tested by Villalobos (2014). This wall had ties spacing of 5 in. and hoops 
spaced at 2.5 in. in this boundary element. Buckling length was approximately 15 in.. Figure 




This specimen also had ties spacing of 5 in. Buckling length was approximately 18 in. This 
evidence suggests that, buckling length was not always equal to spacing of transverse ties or 
hoops. Instead, bars seemed to have buckled in regions where concrete cover spalls. 
 
Several researchers (Escolano- Margarit et al., 2012 and Takahashi et al., 2013) have observed 
that compressive strain concentrates in a region of finite length near the wall base. Strain 
distributions of Specimens WMCC and WMCN tested by Villalobos are shown in Figure 4-53 
(Escolano- Margarit et al., 2012). At a drift ratio of 2%, compressive strain was concentrated 
within a height of approximately 18 in. from the wall base. This distance was approximately 1.5 
times the neutral axis depth at wall base. Takahashi et al. (2013) proposed a simplified model to 
compute plastic deformation (Figure 4-54). Walls are idealized as having three areas: area in 
tension, compressed area and nearly rigid area. The compressed area is the area where 
compressive strain concentrates. Takahashi et al. (2013) assumed the height of this area to be 2.5 
times the wall thickness based on the Compressive Damage Zone model proposed by Markeset 
and Hillerborg (1995). 
 
From the experimental results reported in this thesis as well as those from Villalobos (2014), 
Takahashi et al. (2013), it is concluded that the buckling length can be assumed to be the shorter 
of two lengths: (1) the length to the neutral axis and (2) the width of the boundary element in 
compression.  
  4-27 
 
Neutral axis depth at limiting stage is estimated using the following equation: 
  4-28 
where: 
: compressive force calculated using Equation 4-29 
: neutral axis depth 
: factor relating depth of equivalent rectangular compressive stress block to 
neutral axis depth 











4.6.6. Determination of Coefficient  
Coefficient  is related to the boundary conditions of the reinforcing bars. The value of  was 
calibrated to be 35 to produce the results in Figure 4-55. This figure shows calculated drift 
capacity versus measured drift capacity. The data in this figure come from specimens within these 
ranges: 
• Concrete compressive stress ranging from 3.5 ksi to 8.1 ksi. 
• Thickness of the wall ranging from 4 in. to 12 in. 
• Measured drift capacity ranging from 0.9% to 5.0%. 
• Height to length ratio of at least 2. 
• Observed buckling of longitudinal reinforcement during testing. 
• Yield stress of longitudinal reinforcement ranging from 60 psi to 87 psi. 
• Longitudinal reinforcement ratio in the boundary element ranging from 0.7% to 4.9% 
• Nominal shear stress ranging from 90 psi to 350 psi. 
 
4.6.7. Summary 
An alternative method was proposed in Section 4.6 to calculate limiting drift ratio of structural 
walls with longitudinal reinforcement prone to buckling. This method is based on the tangent 
modulus formula and uses Aktan’s formulation to generate stress-strain curves of longitudinal 
reinforcing bars under large strain reversals. Ratio of tangential modulus to minimum stress  
is estimated to be a function of maximum tensile strain  (Equation 4-20), and this tensile strain is 
assumed to be a function of maximum drift ratio. 
  4-30 




  4-31 
for specimens with discontinuous longitudinal reinforcement. 
where: 
: 4-27 
: radius of the bar,  
: drift ratio capacity 
 
4.7. Evaluation of Structural Walls in the Tohoku Building 
It was observed in this experimental program that discontinuities in the longitudinal web 
reinforcement led to an increase in the tensile strain in longitudinal boundary reinforcement. The 
increase was approximately 50% relative to strains observed in specimens with continuous web 
reinforcement. This observation suggests that in the structural walls in the Tohoku Building, 
discontinuities in the longitudinal web reinforcement introduced by the repair conducted in 2001 
may led to concentration of tensile strain at the bottom of the third level. 
 
Equations were developed in this thesis to estimate drift capacity of structural walls with and 
without reinforcement discontinuities. Nevertheless, these equations are not applicable to the case 
of the structural walls in the building because: 
1) boundary elements of the wall in the Tohoku Building were reinforced in their 
longitudinal direction using plain steel angles. But the boundary elements of walls used to 
calibrate these equations were reinforced using deformed bars. 
2) these steel angles in 1) were connected using rivets and welds. Effects of these 
construction details were not investigated when developing these equations. Wang et al. 
(2014) found that the angles that did not have buckled shapes after the earthquake were 
likely to have fractured at welds or rivet holes. 
 
Kazuyoshi et al. (2014) built two columns that were meant to be scaled models of boundary 
elements from the walls in the Tohoku Building before and after repair. These columns were 
reinforced using steel angles with rivet holes. One column had some discontinuous longitudinal 
reinforcing bars while the other had continuous reinforcement. These columns were subjected to 
axial displacement reversals. Test results show that reinforcement discontinuities caused strain 




Test results presented in this thesis and the test results reported by Kazuyoshi et al. (2014) 
point to the same direction: discontinuities cause strain concentration. And strain 
concentration leads to reduction in deformation capacity. Nevertheless, none of the tests done 
















5.1.1. Objective and Scope 
This study had one main objective: to find the effects of longitudinal web reinforcement 
discontinuities on the seismic response of structural walls. An experimental program was 
completed to test the hypothesis that discontinuities of longitudinal web reinforcement cause 
strain concentration in the longitudinal reinforcement in the boundary element and reduce the 
drift capacity of structural walls. 
 
The main variable of the experiment program was the continuities of the longitudinal web 
reinforcement. The effect of loading cycles was also studied. 
 
5.1.2. Experimental Program 
Six specimens were divided into three groups. Each group had two specimens: one with 
continuous longitudinal web reinforcement and another with longitudinal web reinforcement 
cutoffs at wall base. These specimens were tested by applying lateral displacement reversals with 
different number of repetitions (Table 2-5). Dimensions, reinforcement layouts, material 
properties, and test procedures were provided in detail in Chapter 2. 
 
All the specimens reached their nominal flexural strength and failed after yielding of the 
longitudinal reinforcement in the boundary elements. Buckling of the longitudinal reinforcement 
in the boundary elements were observed at the final loading stage of all the specimens. 
 
Specimens with continuous longitudinal web reinforcement (W1, W3, and W5) reached drift 
ratios ranging from 4% to 5%, while specimens with longitudinal web reinforcement cutoffs (W2, 





It was observed that, on average, specimens with longitudinal web reinforcement cutoffs 
experienced 50% more unit tensile strain than specimens with continuous longitudinal web 
reinforcement. 
 
Lateral displacement was calculated using readings from Optotrak (Northern Digital Inc., 2011). 
The lateral displacement was assumed to have two components: displacement related to bending 
and slip, and displacement related to shear distortion. The first component was 80% to 95% of the 
total displacement, while the second component was 5% to 20% of the total displacement. The 
percentage of displacement related to shear distortion increased with drift ratio. 
 
5.1.3. Analysis 
A new approach to estimate the limiting drift ratio of flexural structural walls prone to 
longitudinal reinforcement buckled was proposed in Section 4.6. This method is based on stress-
strain curves of longitudinal reinforcing bars under large strain reversals proposed by Aktan 
(1973), relationship between the ratio of tangential modulus to minimum stress  and 
maximum tensile strain  (Equation 4-20), and an approximate relationship between maximum 
tensile strain and drift capacity. 
 
Limiting drift ratio of specimens with and without reinforcement discontinuities are estimated 
using Equations 5-1 and 5-2: 
  5-1 
for specimens with continuous longitudinal reinforcement. 
  5-2 
for specimens with discontinuous longitudinal reinforcement. 
where: 
:  
: radius of the bar,  







The following conclusions are made based on the test results and analysis: 
 
1) A discontinuity in the longitudinal web reinforcement can lead to an increase in the 
tensile strain in longitudinal boundary reinforcement for a given drift ratio. The increase 
observed was approximately 50% (relative to strains observed in specimens with 
continuous web reinforcement). 
 
2) The increase in tensile strain mentioned in 1) results in larger permanent strains that 
accumulate from cycle to cycle causing the longitudinal boundary reinforcement to resist 
an increasingly larger share of the compression force required to resist bending moment. 
This accumulation in strain and the associated increase in compression force cause 
reinforcement buckling at smaller drift ratios (relative to the drift ratios at buckling for 
walls with continuous longitudinal web reinforcement). 
 
3) The fact that strains accumulate in bars in tension from one cycle to the next implies that 
the drift at buckling of reinforcement is sensitive to load history and that the larger the 
number of cycles is, the higher the probability of buckling becomes. 
 
4) The ranges/values of the variables within which these conclusions were observed are: 
  
  
 Shear stress ranging from 170 psi to 220 psi 
 Yield stress of longitudinal reinforcement in the boundary element of 80 ksi. 
 Longitudinal reinforcement ratio in the boundary element of 2.8% 
 Repetitions of three, six, and twelve cycles for each drift target for specimens in 
different groups (Table 2-5) 
 
5) Conclusions 1) to 3) suggest that the failure of boundary elements of structural walls in 
the Tohoku Building may have been triggered by the failure of the anchorage of 
longitudinal web reinforcement. This failure caused:  




likelihood of fracture), and  
b) faster accumulation of permanent tensile strains in longitudinal boundary 

















Boundary Web Boundary   Web Boundary Web 








ksi in. in. 
W1 2#3 2.8 (4) 3/16 in. 0.79 3 3/16 in. 0.48 20 20 
W2* 2#3 2.8 (4) 3/16 in. 0.79 3 3/16 in. 0.48 0 20 
W3 2#3 2.8 (4) 3/16 in. 0.79 3 3/16 in. 0.48 20 20 
W4* 2#3 2.8 (4) 3/16 in. 0.79 3 3/16 in. 0.48 0 20 
W5 2#3 2.8 (4) 3/16 in. 0.79 3 3/16 in. 0.48 20 20 
W6* 2#3 2.8 (4) 3/16 in. 0.79 3 3/16 in. 0.48 0 20 
: Longitudinal reinforcement ratio in the boundary elements 
: Longitudinal reinforcement ratio in the web based on the gross area of the web 
: Transverse reinforcement ratio in both boundary elements and web 
: Spacing of transverse reinforcement in both boundary elements and web 
*: Longitudinal web reinforcing bars were cut at the wall base. 
 
Table 2-2: Concrete Strengths 
Designation Age  (days) Mean Compressive Strength, f'c [psi] 
Test Cylinders 3 3100 
Test Cylinders 7 4100 
Test Cylinders 14 4700 
Test Cylinders 28 4800 
Specimen W1 73 5300 
Specimen W2 98 5300 
Specimen W3 213 4900 
Specimen W4 224 4700 
Specimen W5 238 4600 




Table 2-3: Mix Proportions of Concrete 





Water Reducer 7.00/C 
 
 







#3 80 98 0.11 
3/16 in. 83 89 0.06 
 
 
Table 2-5: Drift Ratio and Repetition 
Drift Ratio (DR) 
% 







0.251 3 6 12 
0.5 3 6 12 
1 3 6 12 
1.5 3 6 12 
2 3 6 12 
3 3 6 12 
4 3 6 12 
5 3 6 12 
 
                                                      




Table 3-1: Summary of Test Results 
Specimen 
# 

















W1 0.78 0.06 34 1.3 4.30 2.95 3 5  
W2 0.60 0.04 33 0.9 3.87 2.66 4 4 
W3 0.68 0.04 37 1.1 4.31 3.08 3 4 
W4 0.55 0.04 37 0.9 3.60 2.63 4 4 
W5     1.0 4.26 3.14 3 4 
W6 0.64 0.09 18 0.9 3.45 2.60 3 3 
 
Table 3-2: Measured Maximum Flexural Crack Width 
Drift 
Ratio 0.25% 0.5% 1.0 % 1.5% 2.0% 3.0% 4.0% 
W1 0.005 0.01 0.02 0.03 0.035 0.05 0.06 
W2 <1 0.01 0.035 0.035 0.04 0.06 0.15 
W3 < 0.01 0.02 0.03 0.04 0.05 0.08 
W4 < 0.01 0.025 0.035 0.05 0.075 0.1 
W5 < 0.01 0.015 0.03 0.04 0.06 0.1 
W6 < 0.01 0.025 0.05 0.075 0.1  
 
                                                      




Table 4-1: Parameters for Steel Stress-Strain Relationship 
Type    
#3 0.0025 80 0.011 
3/16 in. 0.0026 83 0.0052 
 



















W1 10.0 0.78 33 553 7.6 
W2 10.0 0.60 25 425 5.8 
W3 9.9 0.68 29 481 6.9 
W4 9.8 0.55 23 389 5.7 
W51 9.8         
W6 9.7 0.64 27 453 6.8 
 










W1 4.3 4.6 0.93 
W2 3.9 3.8 1.02 
W3 4.3 4.6 0.94 
W4 3.6 3.7 0.96 
W5 4.3 4.6 0.93 
W6 3.5 3.7 0.93 
 
Table 4-4: Calculated Drift Ratio and Initial Stiffness at Cracking 
Specimen 
# 











W1 0.04 0.003 0.03 50 0.68 
W2 0.03 0.002 0.03 50 0.66 
W3 0.03 0.002 0.03 48 0.77 
W4 0.03 0.002 0.03 47 0.78 
W51  0.002 0.03 47  
W6 0.03 0.002 0.03 46 0.39 
                                                      
1 First quarter of the first loading cycle of Load-Drift Ratio curve of specimen W5 was not recorded 






















W1 0.00040 0.6 0.10 0.31 0.97 156 3.7 
W2 0.00039 0.5 0.09 0.30 0.94 139 3.3 
W3 0.00040 0.6 0.10 0.31 0.97 154 3.7 
W4 0.00039 0.5 0.09 0.30 0.94 139 3.3 
W5 0.00041 0.6 0.10 0.31 0.98 157 3.7 
W6 0.00039 0.6 0.09 0.30 0.95 134 3.2 
 
Table 4-6: Continuity of Longitudinal Bars at Wall Base 
Researcher Specimen No. Continuity of Longitudinal Bars at Wall Base 
Villalobos 
WMCC Mechanical couplers 
WMCN Mechanical couplers 
W60C Lap spliced with  
W60N Lap spliced with  
W60N2 Lap spliced with  



























































































































































































































































































































































































































































































































































































































































































































































































































































 Figure 1-1: Wall Panel with Inclined Cracks under Stack of Openings (Song et al., 2012) 
 






Figure 1-3: Imperial County Services Building after the 1979 EI Centro Earthquake (NOAA) 
 





Figure 1-5: Lap Splice Failure of Alto Río Building (Song et al., 2012) 
 
Figure 1-6: A Chimney Severely Damaged after the 2007 Niigata-ken Chuetsu-oki Earthquake 


















































Figure 1-10: Plan View, Stories 3 to 9 (Dimensions in mm) 
 






































Figure 1-13: Crack Distribution due to the 1978 Miyagi-ken Earthquake1 (Motosaka, et al., 2002) 
 
Figure 1-14: Steel-Truss Braces 
                                                      






Figure 1-15: Original Longitudinal Web Bar Left 
 















































Figure 1-19: Columns after 2011 Tohoku Earthquake, 






Figure 1-20: N-S Component of the Response to 1978 Earthquake (First Level) 
 




















































Figure 1-22: N-S Component of the Response to 2011 Earthquake (First Level) 
 

















































































Figure 2-1: Dimensions of a Typical Specimen 
 
 






Figure 2-3: Typical Reinforcement Layout of a Specimen 
 
 






Figure 2-5: Stress-Strain Curve of Number 3 Deformed Bar 
 





Figure 2-7: Elevation View of the Connection 
 





Figure 2-9: Plan View of Test Setup 
 





Figure 2-11: Instrumentation Layout 
 
 






Figure 3-1: Definition of Cracking Load ( ) 
 







Figure 3-3: Measured Load - Drift Ratio Relationship, Specimen W1 
 





Figure 3-5: Measured Load - Drift Ratio Relationship, Specimen W3 
 





Figure 3-7: Measured Load - Drift Ratio Relationship, Specimen W5 
 





Figure 3-9: Division of Stations 
 
Figure 3-10: Shape of a Station from a Typical Specimen before and after Deformation 
 
 






Figure 3-11: Recorded Strain Distributions, Specimen W1 (Station 0-2.5)3 
12 
Figure 3-12: Recorded Strain Distributions, Specimen W1 (Station 2.5-5)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-13: Recorded Strain Distributions, Specimen W1 (Station 5-7.5)3 
12 
Figure 3-14: Recorded Strain Distributions, Specimen W1 (Station 7.5-10)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-15: Recorded Strain Distributions, Specimen W2 (Station 0-2.5)3 
12 
Figure 3-16: Recorded Strain Distributions, Specimen W2 (Station 2.5-5)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-17: Recorded Strain Distributions, Specimen W2 (Station 5-7.5)3 
12 
Figure 3-18: Recorded Strain Distributions, Specimen W2 (Station 7.5-10)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-19: Recorded Strain Distributions, Specimen W3 (Station 0-2.5)3 
12 
Figure 3-20: Recorded Strain Distributions, Specimen W3 (Station 2.5-5)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-21: Recorded Strain Distributions, Specimen W3 (Station 5-7.5)3 
12 
Figure 3-22: Recorded Strain Distributions, Specimen W3 (Station 7.5-10)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-23: Recorded Strain Distributions, Specimen W4 (Station 0-2.5)3 
12 
Figure 3-24: Recorded Strain Distributions, Specimen W4 (Station 2.5-5)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-25: Recorded Strain Distributions, Specimen W4 (Station 5-7.5)3 
12 
Figure 3-26: Recorded Strain Distributions, Specimen W4 (Station 7.5-10)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-27: Recorded Strain Distributions, Specimen W5 (Station 0-2.5)3 
12 
Figure 3-28: Recorded Strain Distributions, Specimen W5 (Station 2.5-5)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-29: Recorded Strain Distributions, Specimen W5 (Station 5-7.5)3 
12 
Figure 3-30: Recorded Strain Distributions, Specimen W5 (Station 7.5-10)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-31: Recorded Strain Distributions, Specimen W6 (Station 0-2.5)3 
12 
Figure 3-32: Recorded Strain Distributions, Specimen W6 (Station 2.5-5)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-33: Recorded Strain Distributions, Specimen W6 (Station 5-7.5)3 
12 
Figure 3-34: Recorded Strain Distributions, Specimen W6 (Station 7.5-10)3 
                                                      
1 Y-axis “Distance (in.)” in all the strain distribution plots is the distance to the north surface of the 
specimen. 
2 Plot on the left: loading from south to north. Plot on the right: loading from north to south. 































































































Figure 3-35: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 
Work in Compression, Specimen W1 
 
Figure 3-36: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 












































Figure 3-37: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
Work in Compression, Specimen W1 
 
Figure 3-38: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
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Figure 3-39: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 
Work in Compression, Specimen W2 
 
Figure 3-40: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 
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Figure 3-41: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
Work in Compression, Specimen W2 
 
Figure 3-42: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
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Figure 3-43: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 
Work in Compression, Specimen W3 
 
Figure 3-44: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 
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Figure 3-45: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
Work in Compression, Specimen W3 
 
Figure 3-46: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
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Figure 3-47: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 
Work in Compression, Specimen W4 
 
Figure 3-48: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 
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Figure 3-49: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
Work in Compression, Specimen W4 
 
Figure 3-50: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
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Figure 3-51: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 
Work in Compression, Specimen W5 
 
Figure 3-52: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 
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Figure 3-53: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
Work in Compression, Specimen W5 
 
Figure 3-54: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
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Figure 3-55: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 
Work in Compression, Specimen W6 
 
Figure 3-56: Longitudinal Strain vs. Cycle Number of North Boundary Element Expected to 
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Figure 3-57: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
Work in Compression, Specimen W6 
 
Figure 3-58: Longitudinal Strain vs. Cycle Number of South Boundary Element Expected to 
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Figure 3-60: Transverse Strain Distribution, Specimen W1 
1 
Figure 3-61: Transverse Strain Distribution, Specimen W2 
 
                                                      













































































Figure 3-62: Transverse Strain Distribution, Specimen W3 
1 
Figure 3-63: Transverse Strain Distribution, Specimen W4 
                                                      















































































Figure 3-64: Transverse Strain Distribution, Specimen W5 
1 
Figure 3-65: Transverse Strain Distribution, Specimen W6 
                                                      














































































Figure 3-66: Curvature Distribution, Specimen W1 
1 
Figure 3-67: Curvature Distribution, Specimen W2 
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Figure 3-68: Curvature Distribution, Specimen W3 
1 
Figure 3-69: Curvature Distribution, Specimen W4 
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Figure 3-70: Curvature Distribution, Specimen W5 
 1 
Figure 3-71: Curvature Distribution, Specimen W6 
                                                      
























0.25% (2) 0.50% (2) 
1.0% (2) 1.5% (2) 
























0.25% (2) 0.50% (2) 
1.0% (2) 1.5% (2) 













Figure 3-72: Angular Change Components 
Undeformed Configuration Deformed Configuration



































Figure 3-73: Displacement Components: (a) Undeformed Shape. (b) Deformation Caused by 
Flexural Bending. (c) Deformation Caused by Shear Distortion 
 
Stations 





Figure 3-74: Displacement Components, Specimen W1 
 1 
Figure 3-75: Displacement Components, Specimen W2 
                                                      
1 “Total-Optotrak” is the sum of two displacement components calculated using Optotrak Readings: 



















































 0.25%      0.5%        1.0%        1.5  %      2.0%        3.0%        4.0%        5.0% 





Figure 3-76: Displacement Components, Specimen W3 
1 
Figure 3-77: Displacement Components, Specimen W4 
                                                      
1 “Total-Optotrak” is the sum of two displacement components calculated using Optotrak Readings: 
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Figure 3-78: Displacement Components, Specimen W5 
1 
Figure 3-79: Displacement Components, Specimen W6 
                                                      
1 “Total-Optotrak” is the sum of two displacement components calculated using Optotrak Readings: 
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Figure 3-80: Displacement Comparison, Specimen W1 
 1 
Figure 3-81: Displacement Comparison, Specimen W2 
                                                      
1 “Total-Optotrak” is the sum of two displacement components calculated using Optotrak Readings: 
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Figure 3-82: Displacement Comparison, Specimen W3 
1 
Figure 3-83: Displacement Comparison, Specimen W4 
                                                      
1 “Total-Optotrak” is the sum of two displacement components calculated using Optotrak Readings: 
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Figure 3-84: Displacement Comparison, Specimen W5 
1 
Figure 3-85: Displacement Comparison, SpecimenW6 
                                                      
1 “Total-Optotrak” is the sum of two displacement components calculated using Optotrak Readings: 
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Figure 3-86: Comparison of Displacement Computed Using Optotrak Readings and Measured 
using LVDTs 
 
Figure 3-87: Drift Components Based on Optotrak Readings  



































































Figure 3-88: Crack Map, Specimen W1
                                                      















Figure 3-88: Crack Map, Specimen W1 (continued) 
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 











(e) DR=4.0 % 
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Figure 3-88: Crack Map, Specimen W1 (continued)
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 
2 Green: splitting crack. 















Figure 3-89: Crack Map, Specimen W2
                                                      












 (c) DR=2.0% 
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 (d) DR=3.0% 
Figure 3-89: Crack Map, Specimen W2 (continued)
                                                      












 (e) DR=4.0% 
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 (f) Final 
Figure 3-89: Crack Map, Specimen W2 (continued)
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 
2 Blue: splitting crack. 















Figure 3-90: Crack Map, Specimen W3
                                                      















Figure 3-90: Crack Map, Specimen W3 (continued)
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 
















Figure 3-90: Crack Map, Specimen W3 (continued)
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 
2 Green: shear or splitting crack on the north boundary element. Red: shear or splitting crack on the north 
boundary element. 















Figure 3-91: Crack Map, Specimen W4
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 
















Figure 3-91: Crack Map, Specimen W4 (continued)
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 















Figure 3-91: Crack Map, Specimen W4 (continued)
                                                      
1 Green: shear or splitting crack on the north boundary element. Red: shear or splitting crack on the north 
boundary element. 












Figure 3-92: Crack Map, Specimen W5
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 
















Figure 3-92: Crack Map, Specimen W5 (continued)
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 

















Figure 3-92: Crack Map, Specimen W5 (continued)
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 
2 Green: shear or splitting crack on the north boundary element. Red: shear or splitting crack on the north 
boundary element. 












 (a) DR=0.25% 
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Figure 3-93: Crack Map, Specimen W6
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 
















Figure 3-93: Crack Map, Specimen W6 (continued) 
                                                      
1 The number next to a crack is the crack width, in thousands of an inch. 













Figure 3-93: Crack Map, Specimen W6 (continued) 
 
Figure 3-94: Load-Deflection Relationship, Specimen W1 
                                                      
1 Green: shear or splitting crack on the north boundary element. Red: shear or splitting crack on the north 
boundary element. 
2 Black areas were the regions with concrete spalling. 









































































































































Figure 4-1: Comparison of Experimental and Analytical Stress-Strain Curves of Number 3 
Deformed Bar 
 
















































Figure 4-3: Analytical Moment-Curvature Diagram, Specimen W1 
 





































Figure 4-5: Analytical Moment-Curvature Diagram, Specimen W3 
 





































Figure 4-7: Analytical Moment-Curvature Diagram, Specimen W5 
 





































Figure 4-9: Sections to Compute Moment Curvature Diagrams 
 





















Figure 4-11: Comparison of Moment-curvature Diagram, Specimen W2 
 





































Figure 4-13: Comparison of Moment-curvature Diagram, Specimen W4 
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Figure 4-17: Close View of the Bottom 10 in., Abaqus Model 
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Figure 4-19: Strain Distribution, Abaqus Model 
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Figure 4-21: Shear and Flexural Capacities 
 





























































Figure 4-23: Peak Loads of Last Stable Cycle vs. Drift Ratio 
 



















































Figure 4-25: Unit Tensile Strain vs. Drift Ratio (W3 and W4) 
 

















































Figure 4-27: Unit Tensile Strain vs. Drift Ratio (Average) 
 



















































Figure 4-29: Unit Tensile Strain vs. Drift Ratio (W2, W4 and W6) 
 





























Figure 4-31: Dimensions of Test Coupons (Aktan, 1973) 
 





Figure 4-33: Test 1, #9 Bar Coupon, Comparison with R-O Model (Aktan, 1973) 
 



























Figure 4-35: Stress-Strain Relationship of South Bottom, Specimen W1 
 


















































Figure 4-37: Stress-Strain Relationship of South Bottom, Specimen W2 
 
















































Figure 4-39: Stress-Strain Relationship of South Bottom, Specimen W3 
  
















































Figure 4-41: Stress-Strain Relationship of South Bottom, Specimen W4 
 
















































Figure 4-43: Stress-Strain Relationship of South Bottom, Specimen W5 
 















































Figure 4-45: Stress-Strain Relationship of South Bottom, Specimen W6 
 



























Figure 4-47: Ratio /  vs. Maximum Tensile Strain 
1 
Figure 4-48: Tensile Strain vs. Drift Ratio 
                                                      
















W1 North Face W1 South Face 
W2 North Face W2 South Face 
W3 North Face W3 South Face 
W4 North Face W4 South Face 
W5 North Face W5 South Face 



















Wang-Specimen 1-1 Wang-Specimen 1-2 Wang-Speicmen 2-1 Wang-Speicmen 2-2 
Wang-Specimen 3-1 Wang-Specimen 3-2 Wang-Specimen 4-1 Wang-Specimen 4-2 





Figure 4-49: Tensile Strain vs. Drift Ratio 



















Wang-Specimen 1-1 Wang-Specimen 1-2 
Wang-Speicmen 2-1 Wang-Speicmen 2-2 
Wang-Specimen 3-1 Wang-Specimen 3-2 
Wang-Specimen 4-1 Wang-Specimen 4-2 
Wang-Specimen 5-1 Wang-Specimen 5-2 




Thomsen-TW2(Flange in Comp) Thomsen-RW2 






Figure 4-50: Buckling of Longitudinal Bars, Specimen W4 
 










Figure 4-53: Strain Distribution of WMCC and WMCN (Escolano- Margarit et al., 2012) 
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This appendix details the experimental investigation and comprises two parts. The first part 
provides supplemental details regarding test preparation, including 1) materials, testing machine, 
and testing procedure of these materials; 2) reinforcement details and as built dimensions, 
including reinforcement details of the foundation block and the reaction block; 3) construction, 
casting and curing; 4) test setup and instrumentation. 
 
The second part encompasses additional test results, including 1) dial gage readings, which were 
used to monitor the rotation of foundation block; 2) curvatures; 3) comparison between 
measurements, which illustrate reliability of the measurements; 3) displacement measurements 




All specimens were cast using the same batch of concrete purchased from Irving Materials, Inc. 
Pea gravels with a maximum aggregate size of 3/8 in. were used as coarse aggregates. These pea 
gravels were purchased from Fox Hauling & Conveying, Inc., Lafayette, IN. 6 in. by 12 in. 
cylinders were cast at the same time as the specimens. The slump of the concrete was 5 in. 
(Figure 0-1). 
 
A 600-kip Forney compression testing machine (Model Number F-60C-DFM/I, Figure 0-2) was 
used to obtain the compressive strength of concrete cylinders at three, seven, fourteen, and 
twenty-eight days after casting, as well as on test day of each specimen. Compression tests 
followed ASTM Standard C39. Steel retainers with neoprene pads were placed at top and bottom 
ends of each cylinder before testing and the cylinders were loaded at a rate of approximately 
60,000 lb/min. until failure. A plot of compressive strength development is shown in Figure 0-3.  
The same testing machine was used for splitting tensile tests. Compressive force was kept at a 
rate of approximately 15,000 lb/min for splitting tensile test. Mean splitting tensile strength of the 
concrete at 28 days was 460 psi, which was approximately , where  is compressive 
strength of concrete cylinders at 28 days. 
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Two flexural beams were tested on 31 days after casting, when the forms were tripped off. 
Compressive force was kept at a rate of approximately 1,800 lb/min. Mean modulus of rupture 
was 550 psi, which was approximately . 
 
A.2.2. Reinforcement 
Number 3 deformed bars were used as longitudinal reinforcement in the boundary elements. All 
#3 bars were from the same heat number J120023. These bars were cut to a length of 24 in. and 
marked at every 8 in. using a hammer to measure the total elongation of the bar after rupture. 
Tensile tests of #3 bars were performed on a 120-kip capacity Baldwin Testing Machine (Model 
Number 120BTE, Figure 0-6) upgraded with an Instron controller. Strain was measured with an 
Epsilon extensometer with model number 3543-0800-200T-ST. Gage length of this extensometer 
is 8 in. These tensile strength tests were displacement controlled with at a speed of 0.15 in./min. 
until the measured strain reached 0.005, then the speed increased to 0.75in./min. until rupture.  
 
3/16 in. wires were used as longitudinal web reinforcement, transverse ties and 135-degree hoops. 
These wires were 12L14 cold-formed bar (ASTM A108), purchased from Krueger Steel and 
Wires with heat number 086547. These plain wires were rusted to improve bond behavior using 
the following procedure. First, wires were cut and bent. Surface of the wires was cleaned using 
paint thinner, and was sprayed with a mixture of 10% hydrochloric acid. These wires were 
wrapped with burlaps and a piece of plastic, and shipped to a moist room (in Civil Engineering 
Building, Purdue University). These wires were kept in the moist room for 72 hours. Loose 
particles on the surface of the wires were removed using scrub pads. Wires before and after 
rusting are shown in Figure 0-4. 
 
Test of 3/16 in. wires were performed on a 150-kN (33.75-kip) MTS Sintech 30/D-loading frame 
in the mechanical testing lab of the School of Materials Engineering (Figure 0-5). The reason for 
using this testing machine is because it was equipped with finer grips than the Baldwin Testing 
Machine in Bowen laboratory. Strains were measured using an MTS extensometer with a model 
number of 634.25E-54 and a gage length of 2 in. Applied load was measured using an MTS load 
cell, with 20-kip capacity and a sensitivity of 2.12 mV/V. Wires were stretched at a constant 
speed of 0.01 in./min until rupture. This loading speed was selected to minimize slip between the 




A.3. Reinforcement Details and As-Built Dimensions 
A.3.1. Reinforcement Details in the Foundation Block 
Each wall specimen comprised a wall segment and a foundation block. Reinforcement details of 
the wall segment were discussed in CHAPTER 2. This section describes the reinforcement details 
in the foundation block. 
 
The foundation block was 60-in. long, 24-in. wide, and 12-in. deep (Figure 0-7). Along the width 
of the block were four layers of reinforcement. Starting from the most extreme layer: four #4 in 
the first layer, two #4 in the second and third layers, and eight #4 in the fourth layer. Number 3 
hoops were spaced at 6 in. along the length of the block. In addition, two layers of 1 in. inner 
diameter PVC pipes, with five pipes each layer, were spaced at 12 in. These ten holes were used 
to anchor the specimen on the testing platform. 
 
A.3.2. Reinforcement Details in the Reaction Block 
A reinforced concrete block was built on which to attach the hydraulic actuator (Figure 0-15). 
This block measured 42-in. long, 30-in. wide, and 12-in. deep (Figure 0-8). Eighteen #4 
longitudinal reinforcing bars were placed along the length of the specimen. #3 hoops were spaced 
at 4 in. along the width of the block. A total of twelve 1 inch-diameter PVC pipes were placed 
vertically. These holes were used to anchor the reaction block on the testing platform. Another 
four 1 in.-diameter PVC pipes were placed along the length of the block. These holes were used 
to anchor the hydraulic actuator on a vertical surface of the block. 
 
A.3.3. As-built Dimensions 
Reinforcement details of wall segments are shown in Figure 0-9 and Figure 0-10. All longitudinal 
reinforcing bars in the boundary elements went through the full length of the wall segment, and 
were anchored in the foundation block by a length of 20 in. Nominal spacing of transverse bars 
and 180-degree hoops in the boundary elements was 3 in. Actual spacing of transverse bars and 
hoops is listed in Table 0-3 with notations marked in Figure 0-9 and Figure 0-10. 
 
A.4. Construction, Casting and Curing 
Plywood, chamfer strips, and 2×4 boards were used to fabricate the formwork (Figure 0-11). Two 
rows of five 1 in.-diameter-PVC pipes, spacing at 12 in., were placed in each form. These pipes 
preserved holes in the foundation block for post-tensioning of the foundation block (Figure 0-11). 
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Spirals with 5 in. diameter were placed in the foundation block as shown in Figure 0-12. These 
spirals were used to confine the concrete around the longitudinal reinforcement in the boundary 
elements, and prevent the concrete in the foundation crushing. Gaps in the forms were sealed 
using caulk. Forms and cylinder molds were coated with form oil before casting. 
 
Specimens and cylinders were cast in two lifts (Figure 0-13). Concrete surfaces were finished 
using hand trowels. After three hours, specimens and cylinders were covered using wet burlap 
and plastics (Figure 0-14). The burlap covering was kept moist by regularly checking it, and 
soaking it with water. The specimens were uncovered after compressive strength reached 3000 
psi. Forms were stripped off from the specimens on 31 days after casting.  
 
A.5. Test Setup and Instrumentation 
Each specimen was loaded horizontally using a hydraulic actuator connected at the top of the 
specimen. The hydraulic actuator was attached to a reaction block using four 0.5 in.-diameter 
high strength threaded rods going through horizontal 1 in.-diameter PVC pipes embedded in the 
reaction block as shown in Figure 0-15. This reaction block itself was post-tensioned on the 
testing platform using twelve 0.5 in. diameter high-strength threaded rods. A dial gage was placed 
against the north surface of the reaction block to monitor the displacement of this block in the 
loading direction relative to the testing platform. Readings from this dial gage indicate that the 
block was well anchored. 
 
The foundation block of each specimen was anchored on the testing platform using ten 0.5 in. 
diameter high-strength threaded rods. Four dial gages were placed at 3 in. from each corner of the 
foundation block to monitor rotations of the block (Figure 0-15). 
 
A 10-kip capacity load cell was attached to the hydraulic actuator to measure the applied lateral 
load. This load cell was calibrated using another calibrated load cell. This 10-kip capacity load 
cell was connected to a National Instruments NI SCXI-1000 chassis to collect output signals. 
 
Linear variable differential transformers (LVDTs) were used to monitor the displacements of the 
specimen at heights of 2.5,10, 20, 30, 42 inches from the wall base. Displacement at the loading 
point was taken as the average of two LVDTs: top of 42 in. and bottom of 42 in. All LVDTs were 
calibrated using a Fowler Trimos height gage with an accuracy of 0.00004 in. The LVDTs were 
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connected to a National Instruments SCB-68 connector block. The SCB-68 connector block and 
NI SCXI-1000 chassis were connected to a data acquisition (DAQ) board NI PCI-6289 (Table 
0-2). Manufacturers, model numbers, serial numbers, ranges, sensitivities and accuracies of the 
load cells and the LVDTs are listed in Table 0-1. 
 
A.6. Dial Gage Readings 
As mentioned previously, there were four dial gages mounted on foundation block of each 
specimen, with two against the south face (distance between these two dial gages, 
) and the other two against the east face (distance between these two dial gages, 
). These dial gages were used to monitor the rotation of the foundation block and to make 
sure 1) that the rotation would not introduce unexpected errors to the drift ratio of the structural 
wall, 2) that the assumption of the wall being fixed at one end was reasonable. Dial gage readings 
were recorded during the pauses when peaks of each drift target reached. 
 
Average rotation of the foundation block ( ) was estimated using the following equation: 
 
Where: 
: dial gage readings of dial gages 1, 2, 3, and 4 (marked in Figure 0-15) 
: distance between these two south dial gages 
: distance between these two east dial gages 
 
Average rotation of the foundation block was plotted against applied drift ratio in Figure 0-17 to 
Figure 0-22. Maximum base rotation was approximately 0.01% for specimens W1 to W5, which 
was small compared with the smallest applied drift ratio. Nevertheless, rotation of foundation 
block of specimen W6 was increased almost linearly with applied drift ratio. Rotation was 
approximately 0.07% at a drift ratio of 1%. The rotation could have increased when higher drift 
ratio was applied. A plausible reason for this unexpected rotation is that, the bottom surface of the 
block was not flat due to imperfections in the formwork during cast. There was not enough area 
in contact with the surface of the testing platform when the block was post tensioned on the 
platform. This inadequate in contact area caused uneven distribution of friction stress on the 
bottom surface of the block, which in turn increased rotation of the foundation block. 
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To minimize rotation of the foundation block, test was stopped and bracings were mounted 
around the foundation block. A 7 ft  steel channel was bolted on the testing platform 
4 in away from the west face of the block (Figure 0-23). Two 18-in long and 3/4-inch thick steel 
angles were bolted on the testing platform 4 in away from the north and east faces of the block 
(Figure 0-23 and Figure 0-24). Hydrostone was poured in the gaps between the faces of block and 
these steel elements. The test was continued after this hydrostone hardened. The addition of this 
bracing resulted in negligible rotation for the remainder of testing (Figure 0-22). 
 
A.7. Curvatures of Each Cycle 
Section 3.4 of Chapter 3 discusses curvature distributions from wall base to a distance of 20 in 
using two different procedures. Curvature calculated in that section was the mean of the 
curvatures computed for all the cycles with the same drift ratio. This section discusses curvatures 
of each cycle. 
 
As shown in Figure 0-25 to Figure 0-30, y-axis is the ratio of the curvature at a given drift ratio to 
the mean curvature of cycles with the same drift ratio, and x-axis is the cycle number. These 
ratios are the curvatures computed in the Station 0 in.-2.5 in. (Figure 3-10), where curvatures 
were maximum among all the stations. Curvatures with the same drift ratio are nearly the same, 
with the difference being less than 5% in most cases, and 15% at maximum. The comparison 
made in this section indicates that, curvature distributions discussed in Section 3.4 is a stable 
estimation of the curvature at each cycle. 
 
A.8. Comparison between Measurements: LVDTs and Optotrak 
Displacement at different distances, 2.5, 10, 20, and 30 in from the wall base, was measured using 
LVDTs. Meanwhile, Optotrak targets were affixed on the surface of the wall. These targets were 
at the same locations of the LVDTs (Figure 0-31).  
 
The relationship between the displacement measured by LVDT and the movement of Optotrak 






: displacement measured by LVDT 
: movement of Optotrak target 
: Angle between two vectors, 1) vector of the base, which did not move 
during testing, 2) vector formed by the position of the same Optotrak target 
after and before movement 
Terms on both sides of the equation are plotted in Figure 0-32 to Figure 0-55. There are four plots 
for each specimen, showing comparisons at distances 2.5, 10, 20 and 30 in from the wall base. In 
general, there was good agreement between LVDT and Optotrak displacement, with a maximum 
difference of 0.03 in. 
 
As discussed in Section A.6, additional rotation was introduced to the foundation block of 
specimen W6. This rotation also affected the comparison between the movement of Optotrak 
target and the displacement of LVDTs. 
 
A.9. Load vs Displacement 
Four LVDTs were mounted at the south face of the specimen at distances of 2.5, 10, 20 and 30 in. 
from the wall base. Applied lateral load was plotted against displacements measured at these 





Table A-1: General Geometry Information 
Sensor 
Type Manufacturer Model Serial No. Range Sensitivity 
Accurac
y 
LVDT Schaevitz DC-EC 2000 J7491  0.197 in./V 0.33% 
LVDT Schaevitz 2000 DC-E 7323  0.195 in./V 0.51% 
LVDT Schaevitz DC-EC 2000 J7580  0.193 in./V 0.32% 
LVDT Schaevitz DC-EC 5000 J7275  0.500 in./V 1.07% 
LVDT Schaevitz 3000 DC-E 1684  0.296 in./V 0.12% 
LVDT Schaevitz DC-EC 5000 J7515  0.500 in./V 0.42% 
Load Cell Lebow 3174-10k 1354 10kips 476 lb/mV 0.25% 
 
Table A-2: DAQ System1 
Type Manufacturer Serial No. Description 
NI SCB-68 National Instruments 1169239 
A Shielded I/O connector block for use 
with 68-pin X, M, E, B, S, and R Series 
DAQ devices 
NI PCI-6289 National Instruments OxE37EC3 
A high-accuracy multifunction M Series 
data acquisition (DAQ) board optimized 
for 18-bit analog input accuracy 
NI SCXI-1000 National Instruments 12D8319 
A rugged, low-noise chassis that can 
hold up to four SCXI modules 
                                                      




Table A-3: As-Built Dimensions 











L1 3.00 5 3.25 3 2.75 3.25 
L2 3.25 3.5 3 3.25 3 3.25 
L3 3.25 2.75 3 3 3 3 
L4 3.00 3.25 3 3.25 3 3.25 
L5 2.75 2.75 3 3 3 3 
L6 2.50 3 3 3 3 3 
L7 2.75 3 3 3 3 3.25 
L8 3.25 3 3 3.25 3 3 
L9 3.00 3 3 3 3 3 
L10 3.00 3 3 3 3 3 
L11 3.00 3.25 3 3 3 3 
L12 2.75 2.75 3 3 3 3 
L13 3.00 3.5 3 3.5 3 3.25 
L14 3.00 3 2.25 2 2 1.5 
L15 3.00 3.25     
L1’ 3.25 4 2.75 3 3.25 3.25 
L2’ 3.00 4 3.25 3 3.25 3 
L3’ 2.75 3 2.75 3 3 2.75 
L4’ 3.00 2.75 3 3.25 3 3 
L5’ 2.75 1.75 3 3.5 3.25 3 
Table A-3: As-Built Dimensions (Continued) 











U1 3.50 3.25 3 3 3 3 
U2 3.5 3 3.5 3 3 2.75 
U3 3.00 3 3.5 3 3 3.25 
U4 2.75 3 3 3 3 3.5 
U5 2.75 2.75 3 3 3.25 2.75 
U6 3.25 3 3 3 3.25 3 
U7 3 3 3.25 2.75 3 3.25 
U8 2.75 3 3 3.5 3 2.5 
U9 3.5 2.75 3 2.5 3 3.5 
U10 3 3.5 3.25 3.25 3 3 
U11 2.75 3 2.5 3 3 2.75 
U12 3 3.25 3.5 3 3.25 3 
U13 2.75 3 2.75 2.5 3 3.25 
U14 3.75 3 2 2.5 2.75 3 
U1’ 4 5 2.75 3.5 3 4 
U2’ 2.75 3.5 3.25 3 3 2.5 
U3’ 3.25 3.5 3 3 3.25 3.25 
U4’ 3 3.5 3.5 3 3 3 
U5’ 3 3 3 3.5 3.25 3 




Table A-3: As-Built Dimensions (Continued) 











D1 3.5 3.5 3.25 3.25 3 3.25 
D2 3 2.75 2.75 3 2.75 3 
D3 3.25 3 3.25 3 3.25 3 
D4 2.75 3 3 3.25 3.25 3 
D5 2.75 2.75 3 2.75 3 3 
D6 3 3 2.75 3 3 3 
D7 3.25 3.25 3 3 3 3.25 
D8 3 2.75 3 3.25 3.25 2.5 
D9 3 3 2.75 3 3 3.25 
D10 2.5 3 2.75 3 3 3 
D11 3 3.25 3 3 3 3.25 
D12 3.25 3 3 3 3 3 
D13 2.5 3 3.25 3 3 3.5 
D14 3 3.25 3.25 3.25 2.75 3 
D1’ 3.25 5 3 3.5 3.25 3.5 
D2’ 3.5 4 3.25 3 3 3 
D3’ 2.75 3 3 3 3.5 3.25 
D4’ 2.75 3.5 3.5 2.75 2.75 3 
D5’ 2.75 3.5 3 3.25 3 3 




Figure A-1: Slump Test 
 




Figure A-3: Compressive Strength vs. Day after curing 
 














Figure A-5: MTS Sintech 30/D Loading Frame 
 




Figure A-7: Reinforcement Details, Foundation Block 
 












Figure A-11: Form of a Typical Specimen 
 
Figure A-12: Spirals to Confine Concrete 
Moveable part of the form 







Figure A-13: Casting 
 




Figure A-15: Test Setup and Instrumentations, 1 
 






Dial Gage 1 
South Side
Dial Gage 3 
West Side
Load Cell 
LVDTs @ 2.5, 10, 20 and 30 in. 




Dial Gage 2 
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Figure A-17: Rotation of Foundation Block vs. Applied Drift Ratio (Specimen W1) 
 




















































Figure A-19: Rotation of Foundation Block vs. Applied Drift Ratio (Specimen W3) 
 




















































Figure A-21: Rotation of Foundation Block vs. Applied Drift Ratio (Specimen W5) 
 




















































Figure A-23: Bracing System for Specimen W6, Part 1 
 









Figure A-25: Curvature Ratio vs. Cycle Number, Specimen W1 
 




































Figure A-27: Curvature Ratio vs. Cycle Number, Specimen W3 
 




































Figure A-29: Curvature Ratio vs. Cycle Number, Specimen W5 
 




































Figure A-31: LVDT Displacement vs. Optotrak Target Movement 
 








































Figure A-33: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W1 
 













































































Figure A-35: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W1 
 














































































Figure A-37: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W2 
 














































































Figure A-39: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W2 
 














































































Figure A-41: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W3 
 














































































Figure A-43: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W3 
 














































































Figure A-45: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W4 
 














































































Figure A-47: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W4 
 














































































Figure A-49: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W5 
 














































































Figure A-51: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W5 
 














































































Figure A-53: Optotrak Target Movement vs. LVDT Displacement at 10 in., Specimen W6 
 














































































Figure A-55: Optotrak Target Movement vs. LVDT Displacement at 30 in., Specimen W6 
 









































Figure A-57: Load vs. Displacement at 10 in., Specimen W1 
 




Figure A-59: Load vs. Displacement at 30 in., Specimen W1 
 




Figure A-61: Load vs. Displacement at 10 in., Specimen W2 
 




Figure A-63: Load vs. Displacement at 30 in., Specimen W2 
 




Figure A-65: Load vs. Displacement at 10 in., Specimen W3 
 




Figure A-67: Load vs. Displacement at 30 in., Specimen W3 
 




Figure A-69: Load vs. Displacement at 10 in., Specimen W4 
 




Figure A-71: Load vs. Displacement at 30 in., Specimen W4 
 




Figure A-73: Load vs. Displacement at 10 in., Specimen W5 
 




Figure A-75: Load vs. Displacement at 30 in., Specimen W5 
 




Figure A-77: Load vs. Displacement at 10 in., Specimen W6 
 














The building of the Faculty of Architecture and Engineering at Tohoku University was a nine-
story composite building built in 1969. It had expended first two stories with a seven-story tower 
above it. The structural system consisted of a combination of structural walls and three-
dimensional frames. The building was instrumented with accelerometers installed in the first and 
ninth stories (Shiga et al., 1981). 
 
This building experienced several earthquakes over decades with the two most demanding ones. 
The first one was the Miyagi-Oki earthquake in 1978. In 2001, this building was repaired to 
reduce torsion and increase shear resistance. In 2011, Tohoku earthquake shook the building. 
After the 2011 event, the building was evacuated and demolished. 
 
This appendix covers structural details, repair details, and damage sustained during both 
earthquakes. It also provides reasonable explanations for the 2011 event. 
 
B.2. Structural Layout 
The lateral-load resisting system was a combination of frames and structural walls. Frames were 
not discontinued where structural walls were present. Instead, frame elements (both columns and 
beams) with the same dimensions as frame elements elsewhere were cast integrally with the 
walls. This arrangement resulted in wall boundary elements with the same dimensions of columns 
located away from walls. The layout of walls and columns is shown in Figure 0-3. Details about 
the structure are given in nees.org/warehouse/experiment/3641/project/1122. 
 
In each plan direction, there were two parallel walls which were continuous from foundation to 
roof (Figure 0-1 and Figure 0-2). In the E-W direction both of these walls were located along the 
middle column line (axis C). These walls were coupled in the E-W direction, with two “legs” 
separated from the third floor to roof (Figure 0-4). In the N-S direction walls were located along 
the exterior column lines (axes 2 and 7) of the upper seven floors. In addition, C-shaped walls 
were located next to the northernmost column line (axis D). These C-shaped walls provided 
lateral-load resistance in both N-S and E-W directions. 
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The floor system consisted of flat slabs supported by frame girders and intermediate beams 
framing into these girders at their midspans. The foundations of the building were spread footings 
connected by grade beams. 
 
B.3. Structural Details 
Beam, column, and wall dimensions and reinforcement are listed in Table 0-1 through Table 0-3. 
Cross sections of a typical column and a typical beam are shown in Figure 0-3. Beams and 
columns were reinforced with steel angles, plates, and reinforcing bars in both their transverse 
and longitudinal directions. The angles and plates effectively formed a lattice frame that was cast 
within a concrete frame. 
 
The specified compressive strength of the concrete was 210 kgf/cm2 (21 MPa, 3000 psi). The 
mean compressive strength of samples extracted from the building in April 2011 was 180 kgf/cm2 
(18 MPa, 2600 psi) (Kuji, 2011). The mean compressive strength of cores extracted from the third 
story was 150 kgf/cm2 (15 MPa, 2100 psi). 
 
The longitudinal reinforcing steel bars were specified to meet Japanese Standard SD35 (nominal 
yield stress of 3500 kgf/cm2-345 MPa, 50 ksi-, expected yield stress of 4000 kgf/cm2-390 MPa, 
57 ksi-). Steel angles were specified to meet Standard SS40 (nominal yield stress of 2400 
kgf/cm2-235 MPa, 34 ksi-, expected yield stress of 3000 kgf/cm2-295 MPa, 43 ksi-).  Transverse 
reinforcing bars were specified to meet SR24 (nominal yield stress of 2400 kgf/cm2-235 MPa, 34 
ksi-) (Table 0-4). 
 
B.4. Fundamental Period 
The fundamental period of the building changed over the years as a result of undergoing cracking 
during earthquakes as well as the aforementioned strengthening in 2001. Measured periods at 
various years are listed in Table B-5 (Motosaka et al., 2004).
 
Numerical analyses of a linear-elastic model of the as-built building (Figure 0-5) made ignoring 
the flexibility of the foundation soil indicate that, in the longitudinal direction (E-W), its initial 
period was approximately 0.5 seconds while in the transverse direction (N-S) it was 0.4 seconds. 
These values are approximately equal to initial periods reported by Motosaka et al. (2004) for 
displacement amplitudes not exceeding approximately 1/105 times the building height. 
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B.5. Base Shear Strength 
B.5.1. Introduction 
In this section, the base shear strength of the building in the transverse direction was estimated 
using two approaches: by extrapolating the peak acceleration recorded on the ninth level and 
adding the products of accelerations and masses and by limit analysis. 
 
B.5.2. Base Shear Strength Based on Measured Accelerations 
At the ninth story the maximum acceleration recorded in the transverse direction was 1.06 g for 
the 1978 event and 0.93 g for the 2011 event. 
 
Four acceleration distributions were assumed to extrapolate the measured acceleration: a) 
acceleration proportional to the deflected shape computed by Suzuki et al. (2013) for a roof 
displacement of 23 cm (9.1 in.); b) acceleration proportional to the first mode shape estimated by 
the Rayleigh–Ritz method; c) linear acceleration distribution along the height of the building; d) 
acceleration proportional to the first mode shape obtained from a 3D linear model of the building. 
These distributions were used for both 1978 and the 2011 events. 
 
Table 0-7 shows these four acceleration distributions and the corresponding calculated base shear 
strength for both the 1978 and 2011 records. The estimated base shear strength ranged from 0.4 to 
0.54 for the 1978 event, and from 0.35 to 0.47 for the 2011 event. 
 
B.5.3. Limit Analysis 
For the limit analysis, four lateral load distributions were considered again: a) lateral load 
proportional to the deflected shape computed by Suzuki et al. (2012) for a roof displacement of 
23cm (9.1 in.); b) lateral load proportional to the first mode shape estimated by the Rayleigh–Ritz 
method; c) linear lateral load distribution along the height of the building; d) lateral load 
proportional to the first mode shape of a 3D linear model of the building. 
 
Six failure mechanisms were analyzed. Three mechanisms assumed that hinges formed at the 
base of the third story, where the wall panels were replaced in the 2001 repair (Figure 0-6 to 
Figure 0-8). The other three mechanisms assumed that hinges formed at the base of the building 
(Figure 0-9 to Figure 0-11). C-shape walls had different strength when the load reversed in the N-
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S direction as a result of their asymmetry. Lateral loads applied from north to south, and from 
south to north were all computed for these mechanisms. 
 
Limit analysis showed that the controlling mechanism includes hinges at the base of the third 
story when the lateral load was applied from north to south. Base shear strength of the control 
mechanism for the four lateral load distribution ranged from 0.33 to 0.43 (Table 0-7). 
 
B.5.4. Summary 
Base shear strengths calculated using two different approaches were presented in this section. The 
calculated base shear strength ranged from 0.33 to 0.54. Base shear strength calculated in this 
section was consistent with the values reported by Japanese researchers (Suzuki et al., 2013). 
 
Published limit analysis results (Suzuki et al., 2013) and (Kimura et al., 2012) show that the base 
shear strength of the building in the N-S direction was 1) likely to have been between 0.3 and 0.5 
times its weight1 (Table 0-6) and 2) controlled by a flexural failure mechanism with hinges in 
columns and walls at the base of the third floor.  
 
B.6. Repair in 2001 
In 2001 the building was retrofitted to reduce torsion and increase the shear strength of the 
exterior walls in the N-S direction. The retrofit was limited to the upper seven stories. 
 
The concrete of the webs of the exterior walls in the N-S direction (Axes 2 and 7) was replaced 
with thicker cast-in-place webs made with concrete with a cylinder compressive strength of 300 
kgf/cm2 (29 MPa, 4.3 ksi). This procedure was discussed in CHAPTER 1. 
 
Short beams were damaged in the 1978 event likely because the short span of these beams left 
them vulnerable to shear. Steel jackets were mounted on these short beams in the interior frames 
(Axes 3 to 6 between Axes C and D) in the N-S direction, and between coupled walls (Axis C 
between Axes 3 and 4, and 5 and 6) in the E-W direction (Figure 0-12). The surface of the short 
beams was repaired using polymer cement mortar. Epoxy resin was injected to seal the separation 
between the steel plate and the short beam. The steel plate was cut to facilitate pipes going 
through the beams (Figure 0-13). 
                                                      
1 The variation being related mainly to differences in the assumed distribution of lateral forces. 
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Steel braces were fitted into two bays of the southernmost frame (Axis B between Axes 3 and 4 
and Axes 5 and 6) in the E-W direction to reduce torsion (Figure 0-12 and Figure 0-13). An 
elevation view of the building with steel braces along axis B is shown in Figure 0-14. Portions of 
the floor slabs (between Axes 2 and 3 and Axes 6 and 7) were thickened and reinforced with 
additional steel welded wire. Figure 0-15 shows a photograph taken during the slab casting. 
 
B.7. Observations after the Earthquake of 2011 
The damage due to the 2011 event concentrated at the base of the third floor in the exterior walls 
oriented in the N-S direction (Figure 0-16). The concrete in the boundary elements of these walls 
disintegrated along heights of up to 0.8 m (Figure 1-19). Longitudinal reinforcement buckled 
and/or fractured. The joint between the original beams and the web of the walls cast during the 
retrofit of 2001 was damaged: the concrete at the top of the beams spalled and top beam 
reinforcement was exposed (Figure 0-16). The interior C-shape walls displayed shear and flexural 
cracks on the third floor as well as spalling on the fourth floor. 
 
The shape of the cross sections of interior (C-shape) and exterior walls would indicate that, as can 
be confirmed by analysis, the webs of interior walls were at least as vulnerable in compression 
(caused primarily by flexure) as the boundaries of the exterior walls under southward inertial 
forces. The webs of interior walls did show cover spalling at their connections with fourth floor 
beams. Nevertheless, the level of damage was not comparable to the damage observed in the 
boundary elements of exterior walls. 
 
Figure 0-16a shows the damage caused by the 2011 event to the intermediate column (at 
intersection axes 2 and C) in the exterior structural wall on the east elevation of the building. This 
column was not likely to have experienced large compression force during the earthquake, but the 
deformed reinforcing bars still buckled. Vertical splitting cracks in the column may have been the 
result of such reinforcement buckling. These vertical cracks were not visible in the web, where 
damage tended to concentrate around the bottom ends of the anchor bolts installed in 2001. 
 
These observations support the idea that spalling of the cover concrete in the boundary columns 
of exterior walls was either caused or accelerated by the buckling of reinforcement with large 




Figure 0-16b shows the top of a third floor beam after the 2011 event. The figure shows: 
• Anchor bolts that pulled out of the beam, forming “conical” failure surfaces in the 
concrete 
• Buckled plain vertical bars which were part of the original web reinforcement 
• Beam stirrups 
• Beam top longitudinal reinforcement 
 
The buckled plain bars were the original reinforcement in the web before repair, cut and 
embedded in the webs cast in 2001 approximately 20 bar diameters. They are unlikely to have 
developed their strength in such a short length. This observed buckling may be the result of 
pullout followed by compression buckling. Figure 0-17 shows a cross section of the web-beam 
joint as modified in the retrofit. The dotted line does not cross any reinforcement anchored 
effectively to resist large tensile forces. This suggests that, at this location the exterior walls were 
essentially unreinforced. A tensile failure at this location is likely to have occurred at a small wall 
drift and may have altered drastically the response of the wall. Pullout of the anchor bolts 
explains the concentration of damage seen in the web. 
 
B.8. Comparison of Responses to the Earthquakes of 1978 and 2011 
B.8.1. General Information 
The building experienced two major earthquakes since its construction. The first major 
earthquake that affected this building was the 1978 event. Figure 0-18a shows N-S acceleration 
records obtained by Tsamba and Motosaka (2011) at the first story. The peak ground acceleration 
was 0.26 g in the N-S direction, 0.21 g in the E-W direction, and 0.16 g in the vertical direction. 
The peak ground velocity was approximately 0.35 m/s (14 in/s) in the N-S direction, and 0.25 m/s 
(10 in/s) in E-W direction. At the ninth-story the maximum acceleration recorded in the N-S 
direction was 1.06g (Figure 0-19a) 
 
The second major earthquake was 2011 event. Following this earthquake, the building was 
demolished because the cost of repair was deemed too high for a structure nearing the end of its 
expected life span. Figure 0-18b shows N-S acceleration records obtained at the base of the first 
story. Peak ground acceleration was approximately 0.34 g in both the N-S and E-W directions, 
and 0.26 g in the vertical direction. Peak ground velocity was approximately 0.45 m/s in the N-S 
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direction, and 0.50 m/s in the E-W direction. At the ninth-story the maximum acceleration 
recorded in the N-S direction was 0.93 g (Figure 0-19b). 
 
B.8.2. Nonlinear Displacement Spectra  
Linear response spectra computed from the records obtained at the base of the structure were 
compared in Figure 1-24. The demand of the 2011 event was not likely to have exceeded that of 
1978 event by a large margin. This section compares nonlinear displacement spectra of these two 
earthquakes. 
 
Nonlinear spectra depend on many parameters in addition to the ratio of mass to initial stiffness 
(i.e. post-cracking stiffness, strain-hardening stiffness, unloading stiffness, reloading stiffness, 
etc.). Nearly 700 dynamic analyses of nonlinear SDOF systems were conducted to try to 
understand to what extent nonlinear oscillators may have been more sensitive to the 2011 event. 
The oscillators considered are described in Table 0-8 and Figure 0-21. The analysis results are 
summarized in Figure 0-22. 
 
On the basis of the nonlinear-analysis results obtained, it seems reasonable to conclude that the 
2011 record did not produce consistently larger displacement demands for structures that 
possessed adequate toughness to resist. 
 
B.8.3. Acceleration and Displacement History 
The 2011 event lasted more than 4 times as long as the 1978 event. The acceleration records were 
modified by removing signals with periods exceeding 6s (for records from 1978) and 16s (for 
records from 2011). The velocity records were obtained by integrating the resulting acceleration 
records and by removing the mean velocity. The modified velocities were next integrated to 
obtain an estimated displacement record. Figure 0-20 shows segments of such relative 
displacement histories for the N-S components of the1978 and 2011 records. These records were 
computed by subtracting computed base displacements from computed ninth floor displacements. 
 
The peak relative displacement in 1978 was approximately 21 cm (8.3in.). The effective period of 
the building was approximately 1 sec. in the 1978 event. The initial portion of the 2011 record 
also suggested that the effective period of the building was approximately 1 sec. At 82.2 sec into 
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the 2011 event, the acceleration record reached a plateau (Figure 0-23a) indicating that yielding 
may have occurred as the displacement reached 21 cm (8.3in.). The acceleration reached another 
plateau at approximately 82.7 sec. and soon after it decreased abruptly at 82.8 sec. The 
acceleration plateau was reached at an estimated displacement of approximately 21 cm (8.3in.). 
The abrupt acceleration drop occurred at an estimated displacement of nearly 23 cm (9.1in.). 
Additional abrupt drops in acceleration took place at 83.2 sec. and 83.7 sec. From that later 
instant on, the structure had an increased effective period of approximately 1.2 sec. 
 
Acceleration response of single-degree-of-freedom oscillator with different periods was 
compared with acceleration history of the 2011 event at the ninth story in the N-S direction 
(Figure 0-24). Before 82.5 seconds, the oscillator with a period of 1.0 second captured the 
acceleration response of the building. After 83.7 second, the oscillator with a period of 1.2 second 
also captured the acceleration response of the building. This analysis indicates that the period of 
the building changed during the event. 
 
The fluctuations in acceleration was more likely to be attributed to the observed fractures in the 
boundary wall reinforcement rather than the effect of higher modes because 
 
• the change in period that took place after the acceleration drops indicates a large and 
abrupt change in stiffness that cannot be explained by referring to higher modes 
• analyses of MDOFs and the shape of the computed response spectra (which show high 
amplifications for periods close to 1 sec.) indicate that the response of the structure was 
dominated by its first mode. 
 
It is also reasonable to expect the observed fractures to have taken place when peak accelerations 
were reached (i.e. when the lateral forces peaked). 
 
Notice that before 82 sec. the relative displacement computed from the 2011 record did not 
exceed 10 cm (3.9 in.) more than three or four times, and that it never reached 15 cm (5.9 in.). 
This suggests that the increase in duration is unlikely to have been the cause of the failure as most 




Because the response of the structure was dominated by its first vibration mode, the relationship 
between absolute acceleration measured at the ninth floor and the relative displacement estimated 
for the same level is examined in the next section. 
 
B.8.4. Absolute Acceleration – Relative Displacement Records 
Figure 0-27 shows absolute acceleration – relative displacement curves of the 2011 event. This 
plot was divided into three parts: 0 to 82 second (part 1), 82 to 84 second (part 2), after 84 second 
(part 3). Stiffness of the building dropped abruptly after acceleration drops happened between 82 
to 84 second. 
 
Figure 0-25 and Figure 0-26 show absolute acceleration – relative displacement curves estimated 
based on the records obtained on the ninth and first floors in the NS (transverse) direction.  
Interpreting these plots is not simple because they are sensitive to 1) the effects of higher modes 
and 2) the modifications made to the records to obtain sensible displacement estimates. Given 
these limitations, the following trends are apparent: 
 
• Wide hysteretic loops were observed only in the first 15 sec. of the 1978 motion (Figure 
0-25a) 
• After the first 15 sec., the structure responded nearly as an SDOF showing no clear 
evidence of stiffness decay or yielding until 82.2 sec. into the 2011 motion (Figure 0-25b-
d) 
• Yielding was first reached at a displacement of 20 to 21 cm (7.9 to 8.3 in.) (points A, A’, 
Figure 0-26a) 
• At 23 cm (9.1 in.) the first large drop in acceleration (or strength) took place (point B, 
Figure 0-26a) 
• Two consecutive acceleration drops took place between 83 and 84 sec. (points C, D, 
Figure 0-26b) 
• After these drops, the structure was softer and retained the reduced stiffness for the 
reminder of the motion 
• The peak acceleration in 1978 was higher than the peak acceleration in 2011 indicating 






Most evidence presented points in a single direction: the column failures of 2011 are likely to 
have taken place at a displacement similar to the maximum displacement reached in 1978. 
Despite this inferred similarity, and despite the strengthening done in 2001, the damage caused by 
the 2011 motion was dramatically different. If the demands were not higher, it is reasonable to 
conclude that the structure was more vulnerable in 2011. The observed damage hints that the 
source of the vulnerability was the web-beam connections modified in the strengthening of 2001. 
 
The evidence also suggests that discontinuities in reinforcement introduced during the retrofit 
done in 2001 caused a concentration of deformations that led to the failures of wall boundary 
elements in the building during the 2011 event. This case suggests that reinforcement 
discontinuities should be avoided at critical sections of elements expected to resist lateral forces 
induced by earthquakes. 
 
The conclusions described in Chapter 5 suggest that the failure of boundary elements of structural 
walls in the Tohoku Building may have been caused by the failure of the anchorage of 
longitudinal web reinforcement. This failure caused: 
a) larger tensile strains in longitudinal boundary reinforcement (increasing the 
likelihood of fracture), and  
b) faster accumulation of permanent tensile strains in longitudinal boundary 




Table B-1: Wall Reinforcement and Thickness (Dimensions in mm) 
Story 
Wall type / Thickness Reinforcement 
Wa Wb Wc Wd We Wf Wg Thickness Reinforcement 
9 150 150 200 150 200   150 9 @ 200, one layer 
8 150 150 200 150 200   200 9 @ 200,two layers 
7 150 200 200 150 200   250 9 @ 200,two layers 
6 150 200 200 150 200   300 13 @ 200, two layers 
5 200 300 200 200 200   400 13 @ 200, two layers 
4 200 300 200 200 200   500 13 @ 200, two layers 
3 250 300 250 250 200     
2 300 400 300 300 200  150   
1 400 500 400 400 200 250 150   
 
Table B-2: Column Reinforcement (Dimensions in mm) 
Story 
Axes B, C, D 
between Axes 2 
and 7 
Axes A and E 
between Axes 1 
and 9, Axes B and 
D with Axis 1 
Axes B and D 
with Axes 9 
and 9 




8   
7   




5   


























                                                      
1 First line, BxD: North-South dimension x East-West dimension 
2 Second line, Steel angles 




Table B-3: Beam Reinforcement (Dimensions in mm) 
Story Width x Depth,  Steel angles 
Axis 2 through 7, Between Axes B and D 
  Axes B and D Mid-span Axis C 
R 
400x800         
4 Ls-65x65x6 
Top 2-D22 2-D22 2-D22 
Bottom 2-D22 2-D22 2-D22 
9 
Top 4-D22 2-D22 4-D22 
Bottom 2-D22 2-D22 2-D22 
7, 8 
Top 2-D25 and 2-D22 2-D25 2-D25 
Bottom 2-D22 2-D22 2-D22 
6 
Top 4-D25 2-D25 2-D25 and 2-D22 
Bottom 2-D25 2-D25 2-D25 
5 400x800        4 Ls-75x75x6 
Top 4-D25 2-D25 4-D25 
Bottom 2-D25 and 2-D16 2-D25 2-D25 
4 400x900        4 Ls-75x75x6 
Top 4-D25 2-D25 2-D25 and 2-D22 
Bottom 2-D25 and 2-D16 2-D25 2-D25 
2, 3 400x900        4 Ls-75x75x12 
Top 4-D25 2-D25 2-D25 
Bottom 2-D25 2-D25 2-D25 
Stirrup 13 @300 
1 450x1500 
Top 5-D22 5-D22 5-D22 
Bottom 5-D22 5-D22 5-D22 




Table B-3: Beam Reinforcement (Dimensions in mm) 
Story 
Axis B and D, between Axes 1 through 9, Axis C between Axes 2 through 7 
Width x Depth, 
Steel angles   At the ends Mid-span 
R 
400x800        
4 Ls-65x65x6 
Top 4-D22 2-D22 
Bottom 2-D22 2-D22 
6, 7, 8, 9 
Top 4-D25 2-D25 
Bottom 2-D25 2-D25 
5 400x800        4 Ls-75x75x6 
Top 4-D25 2-D25 
Bottom 2-D25 2-D25 
4 400x900        4 Ls-75x75x6 
Top 4-D25 2-D25 
Bottom 2-D25 2-D25 
2, 3 400x1100       4 Ls-75x75x9 
Top 4-D25 2-D25 
Bottom 2-D25 2-D25 
Foundation 450x1500 
Top 6-D22 5-D22 
Bottom 6-D22 5-D22 




Table B-3: Beam Reinforcement (Dimensions in mm) 
Story 
Axes 1 through 9, between Axes A and B and Axes D and E 
Width x Depth, 
Steel angles   Axes A and D Mid-span Axes B and D 
3 450x1000 4 Ls-75x75x9 
Top 4-D25 2-D25 4-D25 and 2-D22 
Bottom 2-D25 2-D25 and 2-D16 2-D25 and 2-D16 
Stirrups 13 @ 300  9 @ 300 13 @ 300 
2 450x1100 4 Ls-75x75x9 
Top 4-D25 2-D25 4-D25 
Bottom 2-D25 2-D25 2-D25 
Stirrups 13 @ 300  9 @ 300 13 @ 300 
Foundation 450x1500 
Top 6-D22 5-D22 6-D22 
Bottom 6-D22 5-D22 6-D22 










Axes A and E, between Axes 1 and 9 
  At the ends Mid-span 
3 
450x1000   
4 Ls-
75x75x6 
Top  4-D22 2-D22 
Bottom  2-D22 2-D22 
Stirrups  9 @ 300 
2 
450x1100   
4 Ls-
75x75x9 
Top  4-D25 2-D25 
Bottom  2-D25 2-D25 
Stirrups  9 @ 300 
Foundation 450x1500 
Top  4-D22 4-D22 
Bottom  4-D22 4-D22 




Table B-4: Material Properties. 
Material Standard Yield stress (ksi) Nominal Expected 
Rebar SD35 50 57 
Angles SS40 34 43 
Rebar SR24 34  
 









1969 0.43 0.41 Forced vibration 




Repair 0.75 0.71 Forced vibration 
After 2001 
Repair 0.58 0.58 Forced vibration 
 
Table B-6: Weight, Area and Unit Mass of Each Floor 
Story level Mass (kg) Area (m2) Unit Mass (kg/m2) 
Roof 1104000 688 1600 
9 773400 688 1120 
8 772700 688 1120 
7 776400 688 1130 
6 791800 688 1150 
5 810200 688 1180 
4 849000 688 1230 
3 2793000 2635 1060 




















0 0 0 0 0 0 
1 0.27 0.10 0.03 0.15 0.07 
2 0.24 0.18 0.09 0.28 0.13 
3 0.07 0.30 0.18 0.40 0.25 
4 0.07 0.42 0.28 0.50 0.38 
5 0.07 0.54 0.40 0.60 0.5 
6 0.07 0.66 0.53 0.70 0.63 
7 0.06 0.78 0.68 0.80 0.76 
8 0.06 0.89 0.83 0.90 0.88 






of 1978 earthquake 
0.48 0.40 0.54 0.44 
Extrapolation of 
measured acceleration 
of 2011 earthquake 
0.42 0.35 0.47 0.39 
Limit Analysis 0.39 0.33 0.43 0.36 
 
Table B-8: Ranges of Parameters for Nonlinear Displacement Spectra 
Oscillator Parameter Bilinear Trilinear Simplified Takeda  
(Otani, 1974) 
k2/k1 1 0.5 1 
k3/k1 0.05 to 0.1 0 to 0.1 0 to 0.1 
k4/k1 1 1 (Δy/Δmax)0.5 
Fy/Weight1 0.3 to 0.4 0.3 to 0.4 0.3 to 0.4 
Fcr/Weight 0.5 x Fy/Weight 0.5 x Fy/Weight 0.5 x Fy/Weight 
Viscous Damp. Coeff. 0.02 0.02 0.02 
 
 
                                                      





































Figure B-2: Plan View, Stories 3 to 9 (Dimensions in mm) 
 








Figure B-5: Linear-Elastic Model of the As-Built Building, SAP 2000 
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(a) Interior Wall (Axes 3, 4, 5 and 6); (b) Exterior Wall (Axes 2 and 7) 
Figure B-6: Limit Analysis, Mechanism 1 
    
(a) Interior Wall (Axes 3, 4, 5 and 6); (b) Exterior Wall (Axes 2 and 7) 
Figure B-7: Limit Analysis, Mechanism 2 
 
    
(a) Interior Wall (Axes 3, 4, 5 and 6); (b) Exterior Wall (Axes 2 and 7) 
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Figure B-8: Limit Analysis, Mechanism 3 
    
(a) Interior Wall (Axes 3, 4, 5 and 6); (b) Exterior Wall (Axes 2 and 7) 
Figure B-9: Limit Analysis, Mechanism 4 
 
    
(a) Interior Wall (Axes 3, 4, 5 and 6); (b) Exterior Wall (Axes 2 and 7) 
253 
 
Figure B-10: Limit Analysis, Mechanism 5 
  
(a) Interior Wall (Axes 3, 4, 5 and 6); (b) Exterior Wall (Axes 2 and 7) 





Figure B-12: Repair Details 
  








































Figure B-15: Slab Casting 
 
(a) Overall View 
 
(b) Close View 
Figure B-16: Damage to Beam-Web Joint and Intermediate Column 
 






Figure B-18: N-S Ground Acceleration Records 
 
 (a) 1978 
 (b) 2011 
Figure B-19: N-S Ninth-Floor Acceleration Records 
 






































































Figure B-20: N-S Ninth-Floor Relative Displacement 
 
 
















































































Nonlinear Displacement Spectra - Spread from 714 Runs 
1978 
2011 





















































































































Figure B-24: Change in Period during the 2011 Event 
  
a) 1978 Record - 0 to 15 sec. b) 1978 Record - 15 to 20 sec. 
  
c) 2011 Record – 30 to 45 sec. d) 2011 Record – 45 to 82 sec. 


























T=1sec SOF 2% damping 




a) 2011 Record - 82 to 83 sec. b) 2011 Record - 83 to 84 sec. 
c) 2011 Record - 84 to 85 sec. d) 2011 Record - 85 to 100 sec. 
Figure B-26: Initial Ninth Floor Acceleration-Displacement Response
 
 



















































































































A database was created to organize the available literature on static tests of reinforced concrete 
structural walls. A brief summary of each experimental program is given in section C.2. The 
definitions of all the parameters in the database and the data themselves are given in section C.3. 
 
C.2. Summary of the Test Programs 
Year, primary author, number of specimens, study focus, primary variables and major findings of 
each experimental program are listed in Table 0-1. Each entry (row) in Table 0-1 describes an 
entire experimental program. 
 
Some researchers conducted experimental programs including specimens with lap splices or 
mechanical couplers. Johnson (2010) tested three rectangular structural walls with different 
anchorage details. He concluded that increased bending occurred at the bottom of the wall, where 
the lap splice ended. Birely (2011) tested structural walls with longitudinal reinforcement lap 
spliced at critical sections, both in the boundary element and in the web. She concluded that 
spliced region resulted in relocation of critical section and tensile strains were concentrated above 
the splice. Nevertheless, none of the test programs studied including structural walls with the only 
test variable being the presence of web longitudinal reinforcement ratio cut off at the critical 
sections. Test results presented in the database could not shed light on the hypothesis that 
motivated the study described in main body of this document.  
 
C.3. Wall Properties and Testing Parameters 
Test results and properties of 237 reinforced concrete structural walls are summarized in the 
database. The database presented in this appendix is a reduced version of the database. A 
complete version of the database and document defining all the parameters (including those not 
defined in this section) are available at the following group created in NEEShub: 
http://nees.org/groups/aci445b_structural_wall_database/wiki/MainPage. 
 
Data were divided into three categories: 1) general geometry information, 2) reinforcement ratios 
and material properties, and 3) loading information and test results. Parameters for these three 
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categories are described below. Unit system used in this database is International System of Units 
(SI). 
  
C.3.1. General Geometry Information 
General geometry information includes basic dimensions, shape of the section as well as the cross 
area of the wall. Definitions are listed below. 
 
: Height of the wall. 
: Total length of wall in the direction of the applied load. 
: Aspect ratio for ratio of wall height to wall length. 
: Dimension (in direction perpendicular to the load) of rectangle 
encompassing the cross section at the base of the wall. 
: Area of gross cross section. 
Number of stories: Number of slabs or beams framing into the wall along its height. 
: Minimum thickness of wall web(s) 
: Minimum thickness of wall flange(s) 
Shape of section: R (rectangular), I (barbell), Other shapes (direction of loading parallel 
to vertical segments of designating letter): H, C, L, T, O, U, n, Z, N. 
 
C.3.2. Reinforcement Ratios and Material Properties 
Reinforcement ratio lists the ratios of longitudinal and transverse reinforcement ratio in different 
segments of the wall. Material properties include properties of concrete and reinforcement.  
 
Reinforcement ratios (at wall base) 
: Ratio of total area of longitudinal reinforcement in confined region(s) 
to sum of gross cross-sectional areas of confined region(s). 
: Ratio of total area of transverse reinforcement in web(s) to sum of 
gross cross-sectional areas of web(s). 
: Volumetric ratio of the volume of the confinement reinforcement to 
the volume of the boundary region(s) that is confined. 
: Mean ratio area of transverse reinforcement in web(s) to area of 
concrete. 
: Height of confined region(s). 
 
Concrete properties 
Age: Age of concrete at testing. 
Type: N for normalweight concrete. 
L for lightweight concrete. 
FS1 for steel fiber reinforced concrete. 
: Compressive strength of concrete at age of test. 
Type of coupon: A 100-mm cube 
B 150-mm cube 
C 6x12-in. cylinder 
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D 4x8-in. cylinder 
E cube of unknown size 
F cylinder of unknown size 
G 150 x 300cylinder 
 
Reinforcement properties 
: Yield stress of longitudinal reinforcement. 
: Ultimate stress of longitudinal reinforcement. 
: Fracture strain of longitudinal reinforcement. 
: Yield stress of transverse reinforcement. 
: Ultimate stress of transverse reinforcement. 
: Fracture strain of transverse reinforcement. 
: Yield stress of confinement reinforcement. 
: Ultimate stress of confinement reinforcement. 
: Fracture strain of confinement reinforcement. 
Maximum : Maximum ratio of spacing of transverse reinforcement ( ) to bar 
diameter ( ) for bars closest to outermost fiber in compression. 
 
C.3.3. Loading Information and Test Results 
 
Loading information 
: 0 for Pure shear. 
1 for Single lateral load. 
2 for Multiple lateral loads. 
Directionality: U for uni-axial loading. 
B for bi-axial loading. 
Loading Protocol: M for Monotonic loading. 
C for Cyclic loading. 
Loading points: Number of levels at which lateral loads were applied. 
Height to load 
points: 
List of heights to loading points (separated by semicolons for more 
than one loading point). 






: Maximum total lateral force reported by researcher (Figure 0-1). 
: Displacement measured at top loading point at  (Figure 0-1). 
: Drift at yield is defined as top drift measured at intersection of secant 
to load-deflection curve at  and horizontal line at  
(Figure 0-1). 
: Drift Capacity is defined as displacement at intersection of horizontal 
line at  and envelope of load-deflection curve (Figure 0-1). 
: Initial stiffness is defined as the slope of secant to load-deflection 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table C-2: General Geometry Information 













1 Cardenas (1973) 6400 1910 3.4 75 143250 1 75 75 R 
2 Cardenas (1973) 6400 1910 3.4 75 143250 1 75 75 R 
3 Cardenas (1973) 6400 1910 3.4 75 143250 1 75 75 R 
4 Cardenas (1973) 3600 1910 1.9 75 143250 1 75 75 R 
5 Cardenas (1973) 3600 1910 1.9 75 143250 1 75 75 R 
6 Cardenas (1973) 6400 1910 3.4 75 143250 1 75 75 R 
7 Wang (1975) 3047 2388 1.3 102 320792 3 102  I 
8 Wang (1975) 3047 2388 1.3 102 320792 3 102  I 
9 Wang (1975) 3047 2388 1.3 102 320792 3 102  I 
10 Wang (1975) 3047 2388 1.3 102 320792 3 102  I 
11 Barda (1977) 953 1905 0.5 102 298044 1 102 102 I 
12 Barda (1977) 953 1905 0.5 102 298044 1 102 102 I 
13 Barda (1977) 953 1905 0.5 102 298044 1 102 102 I 
14 Barda (1977) 953 1905 0.5 102 298044 1 102 102 I 
15 Barda (1977) 953 1905 0.5 102 298044 1 102 102 I 
16 Barda (1977) 953 1905 0.5 102 298044 1 102 102 I 
17 Barda (1977) 476 1905 0.2 102 298044 1 102 102 I 
18 Barda (1977) 1905 1905 1.0 102 298044 1 102 102 I 
19  Vallenas (1979) 3047 2388 1.3 102 320792 3 102  I 
20 Vallenas (1979) 3047 2388 1.3 102 320792 3 102  I 
21 Vallenas (1979) 3047 2388 1.3 152 414792 3 152  I 
22 Vallenas (1979) 3047 2388 1.3 152 414792 3 152  I 
23 Vallenas (1979) 3047 2412 1.3 114 274968 3 114  R 
24 Vallenas (1979) 3047 2412 1.3 114 274968 3 114  R 
25 Vallenas (1979) 3047 2412 1.3 189 455868 3 189  R 
26 Vallenas (1979) 3047 2412 1.3 189 455868 3 189  R 
27 Oesterle (1976) 4572 1905 2.4 102 194310 1 102  R 
28 Oesterle (1976) 4572 1905 2.4 102 194310 1 102  R 
29 Oesterle (1976) 4572 1905 2.4 305 318140 1 102 305 I 
30 Oesterle (1976) 4572 1905 2.4 305 318140 1 102 305 I 
31 Oesterle (1976) 4572 1905 2.4 305 318140 1 102 305 I 
32 Oesterle (1976) 4572 1905 2.4 305 318140 1 102 305 I 
33 Oesterle (1976) 4572 1905 2.4 305 318140 1 102 305 I 
34 Oesterle (1976) 4572 1905 2.4 305 318140 1 102 305 I 
35 Oesterle (1976) 4572 1905 2.4 914 359856 1 102 102 I 
36 Oesterle (1979) 4572 1905 2.4 305 318140 1 102 305 I 
37 Oesterle (1979) 4572 1905 2.4 305 318140 1 102 305 I 
38 Oesterle (1979) 4572 1905 2.4 305 318140 1 102 305 I 
39 Oesterle (1979) 4572 1905 2.4 305 318140 1 102 305 I 
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41 Oesterle (1979) 4572 1905 2.4 305 318140 1 102 305 I 
42 Oesterle (1979) 4572 1905 2.4 914 359856 1 102 102 I 
43 Oesterle (1986) 4572 1905 2.4 102 194310 1 102  R 
44 Oesterle (1986) 4572 1905 2.4 102 194310 1 102  R 
45 Oesterle (1986) 4572 1905 2.4 102 318140 1 102 305 I 
46 Oesterle (1986) 4572 1905 2.4 102 318140 1 102 305 I 
47 Oesterle (1986) 4572 1905 2.4 102 359856 1 102 102 I 
48 Shiu (1981) 5486 1905 2.9 102 194310 6 102  R 
49 Morgan (1986) 4382 1575 2.8 57 113915 5 57 142 I 
50 Lefas (1990a) 750 750 1.0 70 52500 1 70  R 
51 Lefas (1990a) 750 750 1.0 70 52500 1 70  R 
52 Lefas (1990a) 750 750 1.0 70 52500 1 70  R 
53 Lefas (1990a) 750 750 1.0 70 52500 1 70  R 
54 Lefas (1990a) 750 750 1.0 70 52500 1 70  R 
55 Lefas (1990a) 750 750 1.0 70 52500 1 70  R 
56 Lefas (1990a) 750 750 1.0 70 52500 1 70  R 
57 Lefas (1990a) 1300 650 2.0 65 42250 1 65  R 
58 Lefas (1990a) 1300 650 2.0 65 42250 1 65  R 
59 Lefas (1990a) 1300 650 2.0 65 42250 1 65  R 
60 Lefas (1990a) 1300 650 2.0 65 42250 1 65  R 
61 Lefas (1990a) 1300 650 2.0 65 42250 1 65  R 
62 Lefas (1990a) 1300 650 2.0 65 42250 1 65  R 
63 Lefas (1990b) 1300 650 2.0 65 42250 1 65  R 
64 Lefas (1990b) 1300 650 2.0 65 42250 1 65  R 
65 Lefas (1990b) 1300 650 2.0 65 42250 1 65  R 
66 Lefas (1990b) 1300 650 2.0 65 42250 1 65  R 
67 Lefas (1990b) 1300 650 2.0 65 42250 1 65  R 
68 Lefas (1990b) 1300 650 2.0 65 42250 1 65  R 
69 Lefas (1990b) 1300 650 2.0 65 42250 1 65  R 
70 Wolschlag (1993) 1372 610 2.3 457 72238 3 51 51 I 
71 Wolschlag (1993) 1372 610 2.3 457 72238 3 51 51 I 
72 Thomsen (1995) 3658 1219 3.0 102 124338 4 102  R 
73 Thomsen (1995) 3658 1219 3.0 1219 238374 4 102  T 
74 Thomsen (1995) 3658 1219 3.0 102 124338 4 102  R 
75 Thomsen (1995) 3658 1219 3.0 1219 238374 4 102  T 
76 Pilakoutas (1995) 1200 600 2.0 60 36000 1 60  R 
77 Pilakoutas (1995) 1200 600 2.0 60 36000 1 60  R 
78 Pilakoutas (1995) 1200 600 2.0 60 36000 1 60  R 
79 Pilakoutas (1995) 1200 600 2.0 60 36000 1 60  R 
80 Pilakoutas (1995) 1200 600 2.0 60 36000 1 60  R 
276 
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81 Pilakoutas (1995) 1200 600 2.0 60 36000 1 60  R 
82 Salonikios(1999) 1200 1200 1.0 100 120000 1 100  R 
83 Salonikios(1999) 1200 1200 1.0 100 120000 1 100  R 
84 Salonikios(1999) 1200 1200 1.0 100 120000 1 100  R 
85 Salonikios(1999) 1200 1200 1.0 100 120000 1 100  R 
86 Salonikios(1999) 1200 1200 1.0 100 120000 1 100  R 
87 Salonikios(1999) 1800 1200 1.5 100 120000 1 100  R 
88 Salonikios(1999) 1800 1200 1.5 100 120000 1 100  R 
89 Salonikios(1999) 1800 1200 1.5 100 120000 1 100  R 
90 Salonikios(1999) 1800 1200 1.5 100 120000 1 100  R 
91 Salonikios(1999) 1800 1200 1.5 100 120000 1 100  R 
92 Salonikios(1999) 1800 1200 1.5 100 120000 1 100  R 
93 Jiang (1999) 773 1667 0.5 67 111689 1 67  R 
94 Jiang (1999) 773 1667 0.5 67 111689 1 67  R 
95 Jiang (1999) 773 1667 0.5 67 111689 1 67  R 
96 Jiang (1999) 773 827 0.9 67 55409 1 67  R 
97 Jiang (1999) 773 827 0.9 67 55409 1 67  R 
98 Jiang (1999) 773 827 0.9 67 55409 1 67  R 
99 Jiang (1999) 773 827 0.9 67 55409 1 67  R 
100 Jiang (1999) 773 827 0.9 67 55409 1 67  R 
101 Jiang (1999) 773 827 0.9 67 55409 1 67  R 
102 Jiang (1999) 773 827 0.9 67 55409 1 67  R 
103 Jiang (1999) 773 827 0.9 67 55409 1 67  R 
104 Jiang (1999) 773 827 0.9 67 55409 1 67  R 
105 Jiang (1999) 2800 1000 2.8 75 75000 4 75  R 
106 Jiang (1999) 2800 495 5.7 75 37125 4 75  R 
107 Zhang(2000) 1750 700 2.5 100 70000 1 100  R 
108 Zhang(2000) 1750 700 2.5 100 70000 1 100  R 
109 Zhang(2000) 1750 700 2.5 100 70000 1 100  R 
110 Zhang(2000) 1750 700 2.5 100 70000 1 100  R 
111 Ji (2000) 2900 1000 2.9 60 60000 4 60  R 
112 Ji (2000) 2900 1000 2.9 60 74400 4 60 120 I 
113 Ji (2000) 2900 1000 2.9 60 103200 4 60 60 I 
114 Tasnimi(2000) 1500 500 3.0 50 25000 1 50  R 
115 Tasnimi(2000) 1500 500 3.0 50 25000 1 50  R 
116 Tasnimi(2000) 1500 500 3.0 50 25000 1 50  R 
117 Tasnimi(2000) 1500 500 3.0 50 25000 1 50  R 
118 Riva (2001) 2500 1200 2.1 150 144000 1 150  R 
119 Riva (2001) 2500 1200 2.1 150 144000 1 150  R 
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121 Riva (2001) 2500 1200 2.1 150 144000 1 150  R 
122 Riva (2001) 2500 1200 2.1 150 144000 1 150  R 
123 Riva (2001) 2500 1200 2.1 150 144000 1 150  R 
124 Riva (2001) 2500 1200 2.1 150 144000 1 150  R 
125 Riva (2001) 2500 1200 2.1 150 144000 1 150  R 
126 Riva (2001) 2500 1200 2.1 150 144000 1 150  R 
127 Riva (2001) 2500 1200 2.1 150 144000 1 150  R 
128 Riva (2001) 2500 1300 1.9 150 180000 1 150  R 
129 Riva (2001) 2500 1300 1.9 150 180000 1 150  R 
130 Riva (2001) 2500 1300 1.9 150 180000 1 150  R 
131 Riva (2001) 2500 1300 1.9 150 180000 1 150  R 
132 Riva (2001) 2500 1300 1.9 150 180000 1 150  R 
133 Riva (2001) 2500 1300 1.9 150 180000 1 150  R 
134 Riva (2001) 2500 1300 1.9 150 180000 1 150  R 
135 Riva (2001) 2500 1300 1.9 150 180000 1 150  R 
136 Han(2002) 2000 1500 1.3 200 300000 1 200  R 
137 Han(2002) 2000 1500 1.3 200 420000 1 200  T 
138 Han(2002) 2000 1500 1.3 200 300000 1 200  R 
139 Hidalgo (2002) 2000 1000 2.0 120 120000 1 120  R 
140 Hidalgo(2002) 2000 1000 2.0 120 120000 1 120  R 
141 Hidalgo(2002) 2000 1000 2.0 120 120000 1 120  R 
142 Hidalgo(2002) 1800 1300 1.4 120 156000 1 120  R 
143 Hidalgo(2002) 1800 1300 1.4 120 156000 1 120  R 
144 Hidalgo(2002) 1800 1300 1.4 120 156000 1 120  R 
145 Hidalgo(2002) 1800 1300 1.4 100 130000 1 100  R 
146 Hidalgo(2002) 1800 1300 1.4 80 104000 1 80  R 
147 Hidalgo(2002) 1400 1400 1.0 100 140000 1 100  R 
148 Hidalgo(2002) 1400 1400 1.0 100 140000 1 100  R 
149 Hidalgo(2002) 1400 1400 1.0 100 140000 1 100  R 
150 Hidalgo(2002) 1200 1700 0.7 80 136000 1 80  R 
151 Hidalgo(2002) 1200 1700 0.7 80 136000 1 80  R 
152 Hidalgo(2002) 1200 1700 0.7 80 136000 1 80  R 
153 Hidalgo(2002) 1800 1300 1.4 100 130000 1 100  R 
154 Hidalgo(2002) 1800 1300 1.4 100 130000 1 100  R 
155 Hidalgo(2002) 1800 1300 1.4 100 130000 1 100  R 
156 Hidalgo(2002) 1800 1300 1.4 100 130000 1 100  R 
157 Hidalgo(2002) 1400 1400 1.0 100 140000 1 100  R 
158 Hidalgo(2002) 1400 1400 1.0 100 140000 1 100  R 
159 Hidalgo(2002) 1400 1400 1.0 100 140000 1 100  R 
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161 Hidalgo(2002) 1050 1500 0.7 80 120000 1 80  R 
162 Hidalgo(2002) 1050 1500 0.7 80 120000 1 80  R 
163 Hidalgo(2002) 1050 1500 0.7 80 120000 1 80  R 
164 Hidalgo(2002) 1050 1500 0.7 80 120000 1 80  R 
165 Riva (2003) 12500 2800 4.5 300 840000 2 300  R 
166 Zhou (2004) 2250 900 2.5 75 67500 1 75  R 
167 Zhou (2004) 2250 900 2.5 75 67500 1 75  R 
168 Zhou (2004) 2250 900 2.5 75 67500 1 75  R 
169 Zhou (2004) 2250 900 2.5 75 67500 1 75  R 
170 Hu (2004) 1525 700 2.2 325 112500 1 125 125 G 
171 Hu (2004) 1525 700 2.2 325 112500 1 125 125 G 
172 Greifenhagen(2005) 610 1000 0.6 100 100000 1 100  R 
173 Greifenhagen(2005) 610 1000 0.6 100 100000 1 100  R 
174 Greifenhagen(2005) 610 900 0.7 80 72000 1 80  R 
175 Greifenhagen(2005) 610 900 0.7 80 72000 1 80  R 
176 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
177 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
178 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
179 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
180 Zhang (2007) 1000 1000 1.0 125 125000 1 125 200 R 
181 Zhang (2007) 1500 1000 1.5 125 125000 1 125 200 R 
182 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
183 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
184 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
185 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
186 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
187 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
188 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
189 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
190 Zhang (2007) 2000 1000 2.0 125 125000 1 125 250 R 
191 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
192 Zhang (2007) 2000 1000 2.0 125 125000 1 125 150 R 
193 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
194 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
195 Zhang (2007) 2000 1000 2.0 125 125000 1 125 200 R 
196 Liu(2009) 2311 1016 2.3 76 64516 1 76  I 
197 Liu(2009) 2311 1016 2.3 76 167640 1 76  I 
198 Liu(2009) 2311 1016 2.3 76 167640 1 76  I 
199 Liu(2009) 2311 1016 2.3 76 167640 1 76  I 
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201 Liu(2009) 2311 1016 2.3 76 167640 1 76  I 
202 Liu(2009) 2311 1016 2.3 76 167640 1 76  I 
203 Liu(2009) 2311 1016 2.3 76 167640 1 76  I 
204 Brueggen(2009) 7226 2286 3.2 152 603870 4 152  T 
205 Brueggen(2009) 3569 2286 1.6 152 603870 2 152  T 
206 Dazio(2009) 4950 2000 2.5 150 300000 1 150  R 
207 Dazio(2009) 4950 2000 2.5 150 300000 1 150  R 
208 Dazio(2009) 4950 2000 2.5 150 300000 1 150  R 
209 Dazio(2009) 4950 2000 2.5 150 300000 1 150  R 
210 Dazio(2009) 4950 2000 2.5 150 300000 1 150  R 
211 Dazio(2009) 4950 2000 2.5 150 300000 1 150  R 
212 Ghorbani-Renani(2009) 2700 1300 2.1 200 260000 1 200  R 
213 Ghorbani-Renani(2009) 2700 1300 2.1 200 260000 1 200  R 
214 Ghorbani-Renani(2009) 1140 548 2.1 84 46032 1 84  R 
215 Ghorbani-Renani(2009) 1140 548 2.1 84 46032 1 84  R 
216 Johnson(2010) 6401 2286 2.8 152 348386 1 152  R 
217 Johnson(2010) 6401 2286 2.8 152 348386 1 152  R 
218 Johnson(2010) 6401 2286 2.8 152 348386 1 152  R 
219 Birely(2011) 3660 3048 1.2 152 464515 3 152  R 
220 Birely(2011) 3660 3048 1.2 152 464515 3 152  R 
221 Birely(2011) 3660 3048 1.2 152 464515 3 152  R 
222 Birely(2011) 3660 3048 1.2 152 464515 3 152  R 
223 Tran(2012) 2667 1219 2.2 150 182850 1 150  R 
224 Tran(2012) 2667 1219 2.2 150 182850 1 150  R 
225 Tran(2012) 2057 1219 1.7 150 182850 1 150  R 
226 Tran(2012) 2057 1219 1.7 150 182850 1 150  R 
227 Tran(2012) 2057 1219 1.7 150 182850 1 150  R 
228 Takahashi(2013) 1200 1020 1.2 120 176400 1 120 300 G 
229 Takahashi(2013) 1200 1740 0.7 120 262800 1 120 300 G 
230 Takahashi(2013) 1200 1980 0.6 140 325200 1 140 300 G 
231 Takahashi(2013) 1200 1980 0.6 140 325200 1 140 300 G 
232 Takahashi(2013) 1200 2000 0.6 100 220000 1 100 200 G 
233 Takahashi(2013) 1200 1920 0.6 90 235800 1 90 300 G 
234 Takahashi(2013) 1200 1500 0.8 100 210000 1 100 300 G 
235 Takahashi(2013) 1200 1740 0.7 120 262800 1 120 300 G 
236 Takahashi(2013) 1000 1400 0.7 94 193400 1 94 300 G 




Table C-3: Reinforcement Ratios and Concrete Properties 
ID 
Reinforcement ratios Concrete properties 





1 0.27% 0.27%  0.27%   N 51 F 
2 1.00% 1.00%  0.27%   N 47 F 
3 3.00% 3.00%  0.27%   N 47 F 
4 3.00% 3.00%  0.27%   N 46 F 
5 8.00% 1.00%  0.27%   N 41 F 
6 8.00% 1.00%  0.27%   N 41 F 
7 3.52% 0.83% 1.27% 0.83% 3047   37  
8 3.52% 0.83% 1.27% 0.83% 3047   23  
9 3.52% 0.83% 1.27% 0.83% 3047   37  
10 3.52% 0.83% 1.27% 0.83% 3047   33  
11 1.80% 0.50%  0.50%  35 N 29  
12 6.40% 0.50%  0.50%  29 N 16  
13 4.10% 0.50%  0.50%  27 N 27  
14 4.10% 0.50%  0.00%  29 N 19  
15 4.10% 0.00%  0.50%  28 N 29  
16 4.10% 0.50%  0.50%  27 N 21  
17 4.10% 0.50%  0.50%  26 N 26  
18 4.10% 0.50%  0.50%  26 N 23  
19 3.52% 0.83% 0.99% 0.83% 3047   35  
20 3.52% 0.83% 0.99% 0.83% 3047   35  
21 5.10% 1.12% 0.99% 1.12% 3047   50  
22 5.10% 1.12% 0.99% 1.12% 3047   52  
23 5.66% 0.55% 1.99% 0.55% 3047   35  
24 5.66% 0.55% 1.99% 0.55% 3047   35  
25 8.86% 0.67% 1.99% 0.67% 3047   46  
26 8.86% 0.67% 1.99% 0.67% 3047   49  
27 1.47% 0.22% 0.58% 0.27% 0 48 N 45 C 
28 4.00% 0.22% 2.10% 0.27% 1829 54 N 46 C 
29 1.11% 0.26% 0.23% 0.27% 0 55 N 53 C 
30 1.11% 0.26% 1.45% 0.27% 1829 54 N 47 C 
31 1.11% 0.26% 1.45% 0.27% 1829 68 N 45 C 
32 3.67% 0.26% 0.36% 0.55% 0 47 N 54 C 
33 3.67% 0.26% 1.83% 0.55% 1829 52 N 45 C 
34 3.67% 0.26% 1.83% 0.55% 1829 36 N 43 C 
35 3.89% 0.26% 0.63% 0.63% 0 68 N 38 C 
36 3.67% 0.26% 1.40% 0.55% 1829 208 N 22 C 
37 3.67% 0.26% 1.83% 0.55% 1829 189 N 49 C 
38 3.67% 0.26% 1.83% 1.38% 1829 77 N 42 C 
39 3.67% 0.26% 1.83% 0.55% 1829 51 N 44 C 
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41 1.97% 0.26% 1.83% 0.55% 1829 63 N 46 C 
42 2.03% 1.39% 1.28% 0.55% 1829 60 N 46 C 
43 6.00% 0.22%  0.42%    24  
44 3.50% 0.28%  0.31%    23  
45 2.67% 0.29%  0.63%    54  
46 3.67% 0.29%  0.63%    42  
47 2.29% 0.25%  0.31%    28  
48 5.58% 0.25% 1.82% 0.37% 1829  N 23 N/A 
49 1.11% 0.33%  0.47% 4382 35 N 32 C 
50 3.10% 2.40%  1.10% 750  N 52 E 
51 3.10% 2.40%  1.10% 750  N 54 E 
52 3.10% 2.40%  1.10% 750  N 41 E 
53 3.10% 2.40%  1.10% 750  N 42 E 
54 3.10% 2.40%  1.10% 750  N 43 E 
55 3.10% 2.40%  1.10% 750  N 52 E 
56 3.10% 2.40%  0.37% 750  N 48 E 
57 3.30% 2.50%  0.80% 1300  N 43 E 
58 3.30% 2.50%  0.80% 1300  N 51 E 
59 3.30% 2.50%  0.80% 1300  N 48 E 
60 3.30% 2.50%  0.80% 1300  N 48 E 
61 3.30% 2.50%  0.80% 1300  N 45 E 
62 3.30% 2.50%  0.40% 1300  N 30 E 
63 3.30% 1.50%  0.35% 1300  N 30 E 
64 3.30% 1.50%  0.35% 1300  N 35 E 
65 3.30% 1.50%  0.35% 1300  N 35 E 
66 3.30% 1.50%  0.35% 1300  N 54 E 
67 3.30% 1.50%  0.35% 1300  N 38 E 
68 3.30% 1.50%  0.35% 1300  N 49 E 
69 3.30% 1.50%  0.35% 1300  N 38 E 
70 0.69% 0.27% 0.63% 0.27% 1372  N 24 D 
71 0.69% 0.50% 0.63% 0.50% 1372  N 18 D 
72 2.93% 0.30% 0.90% 0.33% 1219 395 N 52 C 
73 1.35% 0.30% 0.55% 0.33% 1219 411 N 48 C 
74 2.93% 0.30% 1.00% 0.33% 1219 162 N 35 C 
75 1.35% 0.38% 0.45% 0.45% 1219 110 N 35 C 
76 2.83% 0.31%  0.39% 1200 62 N 37 F 
77 3.02% 0.47%  0.31% 600 48 N 32 F 
78 2.83% 0.31%  0.31% 600 47 N 39 F 
79 3.02% 0.47%  0.39% 1200 74 N 32 F 
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81 2.93% 0.31%  0.31% 600 33 N 39 F 
82 1.70% 0.57% 1.70% 0.57% 1200   22  
83 1.30% 0.28% 1.70% 0.28% 1200   22  
84 1.30% 0.28% 1.70% 0.28% 1200   24  
85 1.30% 0.28% 1.70% 0.28% 1200   23  
86 1.30% 0.28% 1.70% 0.28% 1200   25  
87 1.70% 0.57% 1.10% 0.57% 1800   26  
88 1.30% 0.28% 1.10% 0.28% 1800   26  
89 1.30% 0.28% 1.10% 0.28% 1800   24  
90 1.30% 0.28% 1.70% 0.28% 1800   25  
91 1.30% 0.28% 1.70% 0.28% 1800   22  
92 1.70% 0.57% 1.70% 0.57% 1800   28  
93 2.09% 1.00%  1.00%   N 27 N/A 
94 3.16% 1.00%  1.00%   N 27 N/A 
95 4.94% 1.00%  1.00%   N 27 N/A 
96 2.09% 1.00%  1.00% 773  N 29 N/A 
97 2.09% 1.00%  1.00% 773  N 29 N/A 
98 2.09% 1.00%  1.00% 773  N 29 N/A 
99 3.16% 1.00%  1.00% 773  N 25 N/A 
100 3.16% 1.00%  1.15% 773  N 25 N/A 
101 3.16% 1.00%  1.00% 773  N 25 N/A 
102 4.94% 1.00%  1.00% 773  N 24 N/A 
103 4.94% 1.00%  1.00% 773  N 24 N/A 
104 4.94% 1.00%  1.00% 773  N 24 N/A 
105 2.83% 0.90%  0.90% 2800  N 36 N/A 
106 2.83% 0.90%  0.90% 2800  N 37 N/A 
107 0.88% 0.67%  1.01% 1750   30  
108 0.65% 0.67%  1.01% 1750   32  
109 1.80% 0.67%  1.01% 1750   35  
110 1.53% 0.67%  1.01% 1750   28  
111 9.40% 0.40%  0.40% 2900  N 15 E 
112 4.70% 0.40%  0.40% 2900  N 15 E 
113 2.39% 0.40%  0.40% 2900  N 15 E 
114 2.24% 0.28%  0.28% 0   26 B 
115 2.24% 0.28%  0.28% 0   24 B 
116 2.24% 0.28%  0.28% 0   26 B 
117 2.24% 0.28%  0.28% 0   27 B 
118 2.68% 0.56% 1.12% 0.67% 2500   40  
119 2.68% 0.56% 1.12% 0.67% 2500   40  




Table C-3: Reinforcement Ratios and Concrete Properties (Continued) 
ID 
Reinforcement ratios Concrete properties 





121 2.05% 0.67% 0.00% 0.67% 2500   40  
122 2.05% 0.67% 0.00% 0.67% 2500   40  
123 2.05% 0.67% 0.00% 0.67% 2500   40  
124 1.51% 1.51% 0.00% 1.51% 2500   40  
125 1.51% 1.51% 0.00% 1.51% 2500   40  
126 1.51% 1.51% 0.00% 1.51% 2500   40  
127 1.51% 1.51% 0.00% 1.51% 2500   40  
128 2.05% 0.57% 1.01% 0.57% 2500   28  
129 2.05% 1.76% 1.01% 1.76% 2500   28  
130 2.05% 0.57% 1.01% 0.57% 2500   28  
131 2.05% 1.76% 1.01% 1.76% 2500   28  
132 1.39% 1.39% 1.01% 1.39% 2500   28  
133 1.39% 1.39% 1.01% 1.39% 2500   28  
134 1.39% 1.39% 1.01% 1.39% 2500   28  
135 1.39% 1.39% 1.01% 1.39% 2500   28  
136 1.27% 0.32% 0.99% 0.28% 2000   34 F 
137 1.27% 0.32% 0.99% 0.28% 2000   35 F 
138 1.27% 0.32% 0.99% 0.28% 2000   37 F 
139 3.54% 0.25%  0.13%    19 F 
140 3.54% 0.25%  0.25%    20 F 
141 4.41% 0.25%  0.38%    20 F 
142 3.54% 0.26%  0.13%    18 F 
143 3.54% 0.13%  0.25%    18 F 
144 3.54% 0.26%  0.25%    16 F 
145 4.55% 0.26%  0.26%    18 F 
146 5.94% 0.25%  0.25%    16 F 
147 4.00% 0.26%  0.13%    16 F 
148 4.00% 0.13%  0.26%    17 F 
149 4.00% 0.26%  0.26%    18 F 
150 4.69% 0.25%  0.13%    17 F 
151 4.69% 0.13%  0.25%    19 F 
152 4.69% 0.25%  0.25%    19 F 
153 3.00% 0.00%  0.00%    24 F 
154 3.00% 0.00%  0.00%    17 F 
155 5.55% 0.00%  0.00%    24 F 
156 3.00% 0.25%  0.25%    24 F 
157 3.00% 0.00%  0.00%    24 F 
158 3.00% 0.00%  0.00%    18 F 
159 4.55% 0.00%  0.00%    24 F 




Table C-3: Reinforcement Ratios and Concrete Properties (Continued) 
ID 
Reinforcement ratios Concrete properties 





161 4.69% 0.00%  0.00%    23 F 
162 4.69% 0.00%  0.00%    18 F 
163 6.25% 0.00%  0.00%    23 F 
164 4.69% 0.25%  0.25%    23 F 
165 0.75% 0.17% 1.00% 1.68% 12500  N 41 B 
166 3.72% 0.70%  0.80%   N 30 E 
167 3.72% 0.70%  0.40%   N 30 E 
168 3.72% 0.70%  0.80%   N 30 E 
169 3.72% 0.70%  0.40%   N 30 E 
170 4.83% 1.21%  1.26% 1525  N 30 E 
171 4.83% 1.21%  1.80% 1525  N 30 E 
172  0.30%  0.30% 0   51  
173  0.30%  0.00% 0   51  
174  0.30%  0.30% 0   20  
175  0.30%  0.30% 0   24  
176 1.90%      N  B 
177 1.90%      N  B 
178 1.90%      N  B 
179 1.90%      N  B 
180 1.90%      N  B 
181 1.90%      N  B 
182 1.90%      N  B 
183 1.90%      N  B 
184 1.90%      N  B 
185 1.90%      N  B 
186 1.20%      N  B 
187 1.90%      N  B 
188 1.90%      N  B 
189 2.70%      N  B 
190 1.50%      N  B 
191 1.90%      N  B 
192 2.50%      N  B 
193 1.90%      N  B 
194 1.90%      N  B 
195 1.90%      N  B 
196 5.56% 1.47% 2.26% 1.83% 533 12  46 D 
197 5.56% 1.47% 2.26% 1.83% 533 14  39 D 
198 5.56% 1.47% 2.26% 1.83% 533 55  56 D 
199 5.56% 1.47% 2.26% 1.83% 533 91  102 D 




Table C-3: Reinforcement Ratios and Concrete Properties (Continued) 
ID 
Reinforcement ratios Concrete properties 





201 5.56% 1.47% 2.26% 1.83% 533 70  101 D 
202 5.56% 1.47% 2.26% 2.45% 533 100  131 D 
203 5.56% 1.47% 2.26% 2.45% 533 225  110 D 
204 3.61% 0.29% 2.17% 0.61% 2286   50 D 
205 3.33% 0.31% 2.56% 0.61% 2972   45 D 
206 1.32% 0.30%  0.25% 4950   45 G 
207 1.32% 0.30%  0.25% 4950   41 G 
208 1.54% 0.54%  0.25% 4950   39 G 
209 1.54% 0.54%  0.25% 0   41 G 
210 0.67% 0.27%  0.25% 4950   38 G 
211 1.54% 0.54%  0.25% 4950   46 G 
212 4.03% 0.59%  0.59% 2700   28  
213 4.03% 0.59%  0.59% 2700   28  
214 3.56% 0.71%  0.67% 1140   47  
215 3.56% 0.71%  0.67% 1140   47  
216 4.41% 0.39% 2.18% 0.49% 2286   54 D 
217 4.41% 0.39% 2.18% 0.49% 2286   52 D 
218 4.41% 0.39% 2.18% 0.49% 2286   56 D 
219 3.50% 0.28% 2.50% 0.28% 3660   36 D 
220 3.50% 0.28% 2.50% 0.28% 3660   40 D 
221 2.01% 1.57% 2.25% 0.28% 3660   34 D 
222 3.50% 0.28% 2.50% 0.28% 3660   29 D 
223 3.23% 0.26%  0.26% 2667   47  
224 7.11% 0.61%  0.61% 2667   49  
225 3.23% 0.32%  0.32% 2057   49  
226 6.06% 0.73%  0.73% 2057   56  
227 6.06% 0.61%  0.61% 2057   58  
228 2.11% 0.22%  0.62% 400   38  
229 2.11% 0.22%  0.62% 400   38  
230 1.81% 0.19%  0.53% 400   38  
231 1.81% 0.19%  0.53%    38  
232 2.53% 0.26%  0.74% 400   38  
233 2.81% 0.29%  0.83% 400   38  
234 2.53% 0.26%  0.74% 400   38  
235 2.11% 0.22%  0.62% 400   38  
236 2.69% 0.28%  0.79% 333   33  





















1 414   422       
2 450   420       
3 455   413       
4 413   413       
5 413   413       
6 434   434       
7 502 731  507 730  571 697  1.1 
8 502 731  507 730  571 697  1.1 
9 502 731  507 730  571 697  1.1 
10 502 731  507 730  571 697  1.1 
11 525 818  495 679  500 671   
12 486 820  499 668  486 667   
13 413 666  513 672  482 664   
14 527 808  0 0  491 682   
15 526 806  495 677  473 666   
16 528 801  496 653  496 653   
17 539 793  501 661  501 661   
18 488 777  495 675  477 667   
19 444 639  507 730  440 479  1.8 
20 444 639  507 730  440 479  1.8 
21 444 639  507 730  440 479  1.8 
22 444 639  507 730  440 479  1.8 
23 482 687  507 730  440 479  2.1 
24 482 687  507 730  440 479  2.1 
25 482 687  507 730  440 479  2.1 
26 482 687  507 730  440 479  2.1 
27 511 764 0.1 522 699 0.12    10.7 
28 449 708 0.12 535 690 0.12 535 691 0.12 2.7 
29 449 708 0.12 520 695 0.11    16.0 
30 437 696 0.11 479 658 0.12 479 659 0.12 2.7 
31 449 706 0.12 504 681 0.13 505 681 0.13 2.7 
32 410 695 0.13 532 700 0.10    10.7 
33 443 733 0.13 502 671 0.12 502 672 0.12 1.8 
34 443 733 0.13 502 671 0.12 502 672 0.12 1.8 
35 444 707 0.12 525 704 0.10    7.0 
36 440 732 0.11 511 675 0.09 487 510 0.13 1.8 
37 457 750 0.11 489 696 0.10 489 696 0.10 1.8 
38 447 745 0.11 453 615 0.11 453 615 0.11 1.8 
39 429 733 0.11 461 613 0.10 461 613 0.10 1.8 





















41 447 746 0.11 475 632 0.11 475 632 0.11 2.7 
42 463 607 0.11 464 607 0.11 464 607 0.11 2.7 
43 539   517   483    
44 490   517   483    
45 436   517   517    
46 432   517   517    
47 543   517   483    
48 476 761 N/A 473 650 N/A 488 565 N/A 2.7 
49 448 593 0.2 510 579 0.08    6.4 
50 470 565  520 610  420 490   
51 470 565  520 610  420 490   
52 470 565  520 610  420 490   
53 470 565  520 610  420 490   
54 470 565  520 610  420 490   
55 470 565  520 610  420 490   
56 470 565  520 610  420 490   
57 470 565  520 610  420 490   
58 470 565  520 610  420 490   
59 470 565  520 610  420 490   
60 470 565  520 610  420 490   
61 470 565  520 610  420 490   
62 470 565  520 610  420 490   
63 470 565  520 610  420 490   
64 470 565  520 610  420 490   
65 470 565  520 610  420 490   
66 470 565  520 610  420 490   
67 470 565  520 610  420 490   
68 470 565  520 610  420 490   
69 470 565  520 610  420 490   
70 451 496 0.09 451 544 0.10 451 496 0.09 16.0 
71 451 496 0.09 451 544 0.10 451 496 0.09 16.0 
72 434 641 0.1 448 586 0.08 434 483 0.06 8.0 
73 434 641 0.1 448 586 0.08 434 483 0.06 5.3 
74 434 641 0.1 448 586 0.08 434 483 0.06 8.0 
75 434 641 0.1 448 586 0.08 434 483 0.06 10.7 
76 500 650 0.09 550 590 0.02 550 590 0.02 20.0 
77 540 580 0.08 400 450 0.06 400 450 0.06 15.0 
78 500 650 0.09 400 450 0.06 400 450 0.06 20.0 
79 540 580 0.08 550 590 0.02 550 590 0.02 7.5 





















81 540 650 0.04 400 450 0.06 400 450 0.06 7.0 
82 585   610   610   3.3 
83 585   610   610   3.3 
84 585   610   610   3.3 
85 585   610   610   3.3 
86 585   610   610   3.3 
87 585   610   610   3.3 
88 585   610   610   3.3 
89 585   610   610   3.3 
90 585   610   610   3.3 
91 585   610   610   3.3 
92 585   610   610   3.3 
93           
94           
95           
96 325 478 N/A 325 478 N/A 325 478 N/A 13.8 
97 325 478 N/A 325 478 N/A 325 478 N/A 13.8 
98 325 478 N/A 325 478 N/A 325 478 N/A 13.8 
99 297 452 N/A 325 478 N/A 325 478 N/A 11.3 
100 297 452 N/A 325 478 N/A 325 478 N/A 11.3 
101 297 452 N/A 325 478 N/A 325 478 N/A 11.3 
102 291 440 N/A 325 478 N/A 325 478 N/A 9.0 
103 291 440 N/A 325 478 N/A 325 478 N/A 9.0 
104 291 440 N/A 325 478 N/A 325 478 N/A 9.0 
105 289 465 N/A 289 465 N/A 289 465 N/A 13.8 
106 289 465 N/A 289 465 N/A 289 465 N/A 13.8 
107 405   305   305   3.6 
108 432   305   305   4.2 
109 375   305   305   3.8 
110 432   305   305   6.3 
111 371 524 0.17 453 501 0.01 453 501 0.01 2.5 
112 371 524 0.17 453 501 0.01 453 501 0.01 2.5 
113    453 501 0.01 453 501 0.01 2.5 
114 276 475  216 317     16.7 
115 276 475  216 317     16.7 
116 276 475  216 317     16.7 
117 276 475  216 317     16.7 
118 500  0.08 500  0.08 500  0.08 6.0 
119 500  0.08 500  0.08 500  0.08 6.0 





















121 500  0.08        
122 500  0.08 450  0.08     
123 500  0.08        
124 500  0.08 450  0.08     
125 500  0.08 450  0.08     
126 500  0.08        
127 500  0.08        
128 500  0.08 450  0.08 500  0.08 8.0 
129 500  0.08 450  0.08 500  0.08 8.0 
130 500  0.08    500  0.08 8.0 
131 500  0.08    500  0.08 8.0 
132 500  0.08 450  0.08 500  0.08 8.0 
133 500  0.08 450  0.08 500  0.08 8.0 
134 500  0.08    500  0.08 8.0 
135 500  0.08    500  0.08 8.0 
136 395 601 0.14 335 443 0.18 335 443 0.18 20.0 
137 395 601 0.14 335 443 0.18 335 443 0.18 20.0 
138 395 601 0.14 335 443 0.18 335 443 0.18 20.0 
139           
140           
141           
142           
143           
144           
145           
146           
147           
148           
149           
150           
151           
152           
153           
154           
155           
156           
157           
158           
159           





















161           
162           
163           
164           
165 560 640 0.08 560 640 0.08 560 640 0.08 8.0 
166 526 560  345 465      
167 526 560  345 465      
168 526 560  345 465      
169 526 560  345 465      
170 341 540  285 465  285 465  6.3 
171 341 552  285 465  285 465  5.6 
172 504 634 0.11 504 634 0.11    33.3 
173 504 634 0.11 504 634 0.11    33.3 
174 504 634 0.11 745 800 0.03    20.3 
175 504 634 0.11 745 800 0.03    20.3 
176 352 493  392 479      
177 352 493  392 479     8.0 
178 352 493  392 479     8.0 
179 352 493  392 479     8.0 
180 352 493  392 479     8.0 
181 352 493  392 479     8.0 
182 352 493  392 479     8.0 
183 352 493  392 479     8.0 
184 352 493  392 479     8.0 
185 352 493  392 479     8.0 
186 343 447  392 479     10.0 
187 352 493  392 479     8.0 
188 352 493  392 479     8.0 
189 325 495  392 479     6.7 
190 352 493  392 479     8.0 
191 352 493  392 479     8.0 
192 352 493  392 479     8.0 
193 352 493  348 409     8.0 
194 352 493  392 479     8.0 
195 352 493  392 479     6.0 
196 447 671 0.1 458 702 0.12 458 702 0.12 0.9 
197 447 671 0.1 458 702 0.12 458 702 0.12 0.9 
198 448 672 0.1 544 729 0.10 544 729 0.10 0.9 
199 448 672 0.1 544 729 0.10 544 729 0.10 0.9 





















201 420 630 0.1 510 655 0.10 510 655 0.10 0.9 
202 446 698 0.1 443 716 0.10 443 716 0.10 0.9 
203 446 698 0.1 443 716 0.10 443 716 0.10 0.9 
204 438 636 0.15 502 727 0.14 547 664  2.7 
205 456 706 0.14 504 723 0.14 665 719 0.04 2.7 
206 547 619 0.05 584 601 0.02 584 601 0.02 7.5 
207 583 747 0.08 485 535 0.06 485 535 0.06 7.5 
208 601 725 0.08 489 552 0.07 489 552 0.07 6.3 
209 576 674 0.07 519 559 0.06     
210 583 714 0.08 519 559 0.06 562 615 0.03 6.3 
211 576 674 0.07 519 559 0.06 519 559 0.06 4.2 
212 437 626 0.15 452 671     4.0 
213 437 626 0.15 452 671     4.0 
214 450 597 0.17 450 594     4.4 
215 450 597 0.17 450 594     4.4 
216 491 668        10.0 
217 491 668        10.0 
218 491 668        10.0 
219 579 628 0.12 522 526 0.06 522 526 0.06 4.0 
220 579 628 0.12 522 526 0.06 522 526 0.06 4.0 
221 353 484 0.2 522 526 0.06 522 526 0.06 3.5 
222 462 682 0.13 522 526 0.06 522 526 0.06 4.0 
223 472 613  516 580  423 492  4.0 
224 477 637  443 707  423 492  2.7 
225 472 613  516 580  423 492  4.0 
226 477 637  443 707  423 492  2.7 
227 477 637  443 707  423 492  2.7 
228 389 559  411 521  411 521  3.5 
229 389 559  411 521  411 521  3.5 
230 389 559  411 521  411 521  3.5 
231 389 559  411 521  411 521  3.5 
232 367 503  411 521     3.5 
233 389 559  411 521  411 521  3.5 
234 389 559  411 521  411 521  3.5 
235 389 559  411 521  411 521  3.5 
236 389 559  411 521  411 521  3.5 




Table C-5: Loading Information 
ID 
Loading 
Type  Directi-onality 
Prot-
ocol Points Height to loading points (N) 
1 2 U M 7 914;1829;2743;3658;4572;5486;6400 415000 
2 2 U M 7 914;1829;2743;3658;4572;5486;6400 430000 
3 2 U M 7 914;1829;2743;3658;4572;5486;6400 420000 
4 2 U M 4 914;1829;2743;3658 430000 
5 2 U M 4 914;1829;2743;3658 425000 
6 2 U M 7 914;1829;2743;3658;4572;5486;6400 430000 
7 2 U M 3 1219;2133;2134 195000 
8 2 U M 3 1219;2133;2134 195000 
9 2 U M 3 1219;2133;2134 195000 
10 2 U M 3 1219;2133;2134 195000 
11 1 U M 1 953 0 
12 1 U M 1 953 0 
13 1 U C 1 953 0 
14 1 U C 1 953 0 
15 1 U C 1 953 0 
16 1 U C 1 953 0 
17 1 U C 1 476 0 
18 1 U C 1 1905 0 
19 1 U M 1 3047 868000 
20 1 U C 1 3047 868000 
21 1 U M 1 3047 868000 
22 1 U C 1 3047 868000 
23 2 U M 3 1219;2133;2134 458000 
24 2 U C 3 1219;2133;2134 458000 
25 2 U M 3 1219;2133;2134 458000 
26 2 U C 3 1219;2133;2134 458000 
27 1 U C 1 4572 0 
28 1 U C 1 4572 0 
29 1 U C 1 4572 0 
30 1 U C 1 4572 0 
31 1 U M 1 4572 0 
32 1 U C 1 4572 0 
33 1 U C 1 4572 0 
34 1 U C 1 4572 0 
35 1 U C 1 4572 0 
36 1 U C 1 4572 932270 
37 1 U C 1 4572 1195499 
38 1 U C 1 4572 1195499 
39 1 U C 1 4572 1195499 




Table C-5: Loading Information (Continued) 
ID 
Loading 
Type Directionality Protocol Points Height to loading points (N) 
41 1 U C 1 4572 1195499 
42 1 U C 1 4572 1190979 
43 1 U M 1 4572 329000 
44 1 U C 1 4572 329000 
45 1 U M 1 4572 0 
46 1 U M 1 4572 0 
47 1 U C 1 4572 596000 
48 1 U C 1 5486 0 
49 1 U C 1 4382 178000 
50 1 U M 1 750 0 
51 1 U M 1 750 230000 
52 1 U M 1 750 355000 
53 1 U M 1 750 0 
54 1 U M 1 750 185000 
55 1 U M 1 750 460000 
56 1 U M 1 750 0 
57 1 U M 1 1300 0 
58 1 U M 1 1300 182000 
59 1 U M 1 1300 343000 
60 1 U M 1 1300 0 
61 1 U M 1 1300 325000 
62 1 U M 1 1300 0 
63 1 U M 1 1300 0 
64 1 U C 1 1300 0 
65 1 U M 1 1300 0 
66 1 U C 1 1300 0 
67 1 U C 1 1300 0 
68 1 U C 1 1300 0 
69 1 U C 1 1300 0 
70 1 U C 3 425;883;1340 0 
71 1 U C 3 425;883;1340 0 
72 1 U C 1 3658 400339 
73 1 U C 1 3658 702819 
74 1 U C 1 3658 378098 
75 1 U C 1 3658 729508 
76 1 U C 1 1500 0 
77 1 U C 1 1500 0 
78 1 U C 1 1500 0 
79 1 U C 1 1500 0 




Table C-5: Loading Information (Continued) 
ID 
Loading 
Type Directionality Protocol Points Height to loading points (N) 
81 1 U C 1 1500 0 
82 1 U C 1 1320 0 
83 1 U C 1 1320 0 
84 1 U C 1 1320 200760 
85 1 U C 1 1320 0 
86 1 U C 1 1320 0 
87 1 U C 1 1920 0 
88 1 U C 1 1920 0 
89 1 U C 1 1920 202440 
90 1 U C 1 1920 0 
91 1 U C 1 1920 0 
92 1 U C 1 1920 0 
93 1 U C 1 773 0 
94 1 U C 1 773 200000 
95 1 U C 1 773 400000 
96 1 U C 1 773 0 
97 1 U C 1 773 200000 
98 1 U C 1 773 400000 
99 1 U C 1 773 0 
100 1 U C 1 773 200000 
101 1 U C 1 773 400000 
102 1 U C 1 773 0 
103 1 U C 1 773 200000 
104 1 U C 1 773 400000 
105 1 U C 1 2800 200000 
106 1 U C 1 2800 200000 
107 1 U C 1 1500 498960 
108 1 U C 1 1500 784000 
109 1 U C 1 1500 594720 
110 1 U C 1 1500 688450 
111 1 U C 1 2900 220000 
112 1 U C 1 2900 180000 
113 1 U C 1 2900 115000 
114 1 U C 1 1500 0 
115 1 U C 1 1500 0 
116 1 U C 1 1500 0 
117 1 U C 1 1500 0 
118 1 U C 1 2500 0 
119 1 U C 1 2500 0 




Table C-5: Loading Information (Continued) 
ID 
Loading 
Type Directionality Protocol Points Height to loading points (N) 
121 1 U C 1 2500 600000 
122 1 U C 1 2500 600000 
123 1 U C 1 2500 600000 
124 1 U C 1 2500 600000 
125 1 U C 1 2500 600000 
126 1 U C 1 2500 600000 
127 1 U C 1 2500 600000 
128 1 U C 1 2500 0 
129 1 U C 1 2500 0 
130 1 U C 1 2500 0 
131 1 U C 1 2500 0 
132 1 U C 1 2500 0 
133 1 U C 1 2500 0 
134 1 U C 1 2500 0 
135 1 U C 1 2500 0 
136 1 U C 1 2000 1026000 
137 1 U C 1 2000 1449000 
138 1 U C 1 2000 1107000 
139 1 U C 1 1000 0 
140 1 U C 1 1000 0 
141 1 U C 1 1000 0 
142 1 U C 1 900 0 
143 1 U C 1 900 0 
144 1 U C 1 900 0 
145 1 U C 1 900 0 
146 1 U C 1 900 0 
147 1 U C 1 700 0 
148 1 U C 1 700 0 
149 1 U C 1 700 0 
150 1 U C 1 600 0 
151 1 U C 1 600 0 
152 1 U C 1 600 0 
153 1 U C 1 900 0 
154 1 U C 1 900 0 
155 1 U C 1 900 0 
156 1 U C 1 900 0 
157 1 U C 1 700 0 
158 1 U C 1 700 0 
159 1 U C 1 700 0 




Table C-5: Loading Information (Continued) 
ID 
Loading 
Type Directionality Protocol Points Height to loading points (N) 
161 1 U C 1 525 0 
162 1 U C 1 525 0 
163 1 U C 1 525 0 
164 1 U C 1 525 0 
165 2 U C 2 5000;11500 0 
166 1 U C 1 2250 400000 
167 1 U C 1 2250 0 
168 1 U C 1 2250 0 
169 1 U C 1 2250 400000 
170 1 U C 1 1525 400000 
171 1 U C 1 1525 400000 
172 1 U C 1 690 136000 
173 1 U C 1 690 136000 
174 1 U C 1 690 136000 
175 1 U C 1 690 76000 
176 1 U C   0 
177 1 U C   0 
178 1 U C   0 
179 1 U C   0 
180 1 U C   0 
181 1 U C   0 
182 1 U C   0 
183 1 U C   0 
184 1 U C   0 
185 1 U C   0 
186 1 U C   0 
187 1 U C   0 
188 1 U C   0 
189 1 U C   0 
190 1 U C   0 
191 1 U C   0 
192 1 U C   0 
193 1 U C   0 
194 1 U C   0 
195 1 U C   0 
196 1 U C 1 2540 578240 
197 1 U M 1 2540 578240 
198 1 U C 1 2540 578240 
199 1 U M 1 2540 578240 




Table C-5: Loading Information (Continued) 
ID 
Loading 
Type Directionality Protocol Points Height to loading points (N) 
201 1 U M 1 2540 578240 
202 1 U C 1 2540 578240 
203 1 U M 1 2540 578240 
204 1 B C 1 7493 829552 
205 1 B C 1 3835.4 894938 
206 1 U C 1 4560 35139 
207 1 U C 1 4560 39387 
208 1 U C 1 4560 39788 
209 1 U C 1 4560 39615 
210 1 U C 1 4560 188672 
211 1 U C 1 4520 159408 
212 1 U M 1 2700 0 
213 1 U C 1 2700 0 
214 1 U M 1 1140 0 
215 1 U C 1 1140 0 
216 1 U C 1 6096 0 
217 1 U C 1 6096 0 
218 1 U C 1 6096 0 
219 1 U C 1 3660 1597000 
220 1 U C 1 3660 2429000 
221 1 U C 1 3660 1601000 
222 1 U C 1 3660 1601000 
223 1 U C 1 2440 641000 
224 1 U C 1 2440 641000 
225 1 U C 1 1830 641000 
226 1 U C 1 1830 641000 
227 1 U C 1 1830 160000 
228 1 U C 1 2525 540000 
229 1 U C 1 2525 540000 
230 1 U C 1 2525 540000 
231 1 U C 1 2525 540000 
232 1 U C 1 2525 240000 
233 1 U C 1 2525 540000 
234 1 U C 1 2525 540000 
235 1 U C 1 2525 540000 
236 1 U C 1 2425 0 

















1 118000     
2 184000     
3 294000     
4 483000     
5 483000     
6 322000     
7 1104000 42 16 110 95172 
8 981000 30 20 35 40205 
9 1090000 68 16 75 49545 
10 1031000 76 32 96 19093 
11 1218000 6 3 16 255000 
12 978000 7 3 10 255000 
13 1108000 5 3 6 255000 
14 102000 5 5 5 255000 
15 699000 5 1 13 255000 
16 876000 6 1 10 255000 
17 1140000 4 1 22 255000 
18 886000 11 3 19 130000 
19 1090000 170 16 180 77857 
20 1008000 75 14 75 45818 
21 1297000 75 20 125 50664 
22 1300000 40 18 80 75581 
23 916300 75 12 75 104125 
24 870500 50 10 50 77723 
25 1162200 50 11 63 111750 
26 1065000 35 11 50 76071 
27 118300 51 12 108 12915 
28 216600 127 24 127 11521 
29 271300 102 19 152 53829 
30 275800 152 19 203 11492 
31 334900 135 36 326 69194 
32 679700 102 28 127 26802 
33 761900 127 32 127 33593 
34 746800 152 76 152 14701 
35 835800 102 29 105 34825 
36 825100 76 35 76 32638 
37 980300 127 30 127 15317 
38 977700 127 33 150 31177 
39 976800 133 33 132 42031 

















41 707200 125 28 133 38435 
42 887400 127 23 127 83717 
43 568000   76  
44 282000   76  
45 726000   127  
46 792000   102  
47 421000   102  
48 339000 142 54 159 7063 
49 106000 44 9 61 270000 
50 260000 8 5 N/A 65000 
51 340000 9 6 N/A 113333 
52 330000 10 5 N/A 82500 
53 265000 10 6 N/A 66250 
54 320000 9 6 N/A 106667 
55 355000 7 4 N/A 177500 
56 247200 11 5 N/A 61800 
57 127000 22 11 N/A 15875 
58 150000 14 7 N/A 17143 
59 180000 16 9 N/A 25714 
60 120000 22 11 N/A 15000 
61 150000 10 11 N/A 21429 
62 123000 22 11 N/A 15375 
63 117700 20 12 N/A 14713 
64 115800 22 9 N/A 14475 
65 139600 24 16 N/A 8725 
66 111000 24 7 N/A 11100 
67 82800 14 11 N/A 10350 
68 111500 25 10 N/A 13938 
69 93900 17 12 N/A 5869 
70 82000 2 1 9 120000 
71 93000 5 1 9 150000 
72 148600 72 19 70 7313 
73 290900 44 34 44 28632 
74 158300 85 29 85 7790 
75 363000 82 37 83 28583 
76 105000 10 6 22 21000 
77 118000 10 6 12 26818 
78 107000 16 7 22 24318 
79 127000 18 7 22 23586 

















81 97400 23 5 26 32467 
82 262000 6 2 10 116964 
83 191000 4 2 8 170536 
84 268000 5 2 10 119643 
85 232000 5 2 8 145000 
86 247000 5 3 10 77188 
87 197000 12 5 19 32833 
88 124000 17 9 31 18235 
89 176000 9 4 22 44000 
90 158000 11 6 28 17174 
91 187000     
92 202000 16 8 20 18704 
93      
94 521800 6 -3 5 220000 
95 587200 7 4 8 470000 
96 316300 8 5 12 150000 
97 399500 9 3 15 200000 
98 487900 8 3 12 440000 
99 307300 7 6 12 570000 
100 381100 6 2 11 200000 
101 469100 6 4 10 125000 
102 307700 6 3 11 156000 
103 393600 5 2 12 208000 
104 473000 6 3 8 230000 
105 124650 18 27 63 12800 
106 90040 70 18 73 9000 
107 201000 10 5 32 38654 
108 224000 11 4 23 40000 
109 303500 15 5 30 58365 
110 266000 14 5 21 44333 
111 91600 23 16 23 10000 
112 116700 37 22 56 7000 
113 137000 40 27 48 13000 
114 15420 16 5 16 3855 
115 19560 11 6 11 2876 
116 17500 16 5 16 3646 
117 19760 14 7 14 3800 
118 335712 57 20 50 12750 
119 341089 35 19 68 17000 

















121 324244 36 18 55 13120 
122 323370 37 17 60 8726 
123 338716 33 21 63 7837 
124 291352 48 21 63 7144 
125 321442 44 19 58 7933 
126 359500 47 21 53 8695 
127 343156 43 21 58 7180 
128 402784 32 18 68 10735 
129      
130 407770 32 21 53 10138 
131 496733 50 22 61 11429 
132 343775 49 18 65 14650 
133      
134 400590 48 19 50 15700 
135 459977 49 22 52 17300 
136 442900 55 9 81 49826 
137 573300 36 7 50 75246 
138 321400 41 15 59 32140 
139 198000 13 -1 -5 58912 
140 270000 15 -5 -25 41814 
141 324000 15 -6 -25 42318 
142 309000 8 4 9 111171 
143 364000 11 -5 -20 109516 
144 374000 10 -5 -21 58655 
145 258000 10 -3 -15 76204 
146 187000 8 3 16 61458 
147 235000 5 2 12 33333 
148 304000 7 4 10 127127 
149 289000 5 2 12 175000 
150 255000 3 -1 -3 450818 
151 368000 5 3 5 152000 
152 362000 4 -2 -2 128728 
153 258000 5 3 5 180012 
154 222000 5 2 6 169507 
155 333000 6 2 19 125585 
156 323000 4 2 4 167201 
157 352000 8 2 5 155034 
158 262000 6 3 7 138502 
159 491000 9    

















161 400000 5 4 9 126385 
162 356000 7 -3 -8 104923 
163 391000 4    
164 344000 4 3 8 238915 
165 365000 360 105 360 9000 
166 145000 -35 23 46 11000 
167 160000 35 20 47 10000 
168 145000 -34 -21 41 8000 
169 229000 30 16 43 15000 
170 345480 35 13 29 31000 
171 378840 40 -37 43 22000 
172 204000 2 1 19 127500 
173 203000 3 2 16 126875 
174 176000 3 1 8 110000 
175 135000 3 1 11 112500 
176 190000 15 7 21 50000 
177 245000 20 8 22 65000 
178 225000 15 10 22 60000 
179 200000 8 5 13 60000 
180 540000 6 3 9 350000 
181 370000 10 6 11 120000 
182 220000 10 6 11 55000 
183      
184      
185      
186 250000 10 5 13 108000 
187 240000 7 4 8 50000 
188      
189      
190 260000 8 5 11 30000 
191      
192 275000 12 7 16 70000 
193 290000 -15 8 19 75000 
194      
195 320000 -15 9 20 62000 
196 809536 38 19 38 78803 
197 845120 44 20 66 57704 
198 756160 43 18 43  
199 934080 114 20 127 100563 

















201 996352 114 23 132 96315 
202 818432 76 15 76 95314 
203 956320 173 23 198 67355 
204 1018592 142 51 148 16152 
205 1067520 51 13 86 87059 
206 336000 30 10 30 42000 
207 359000 50 10 65 22438 
208 454000 75 15 93 22700 
209 443000 45 13 60 22150 
210 439000 32 7 60 54875 
211 597000 52 13 95 37313 
212      
213 416000 27 9 81 22011 
214      
215 83433 13 3 25 18297 
216 822880 114 36 152 25198 
217 889600 127 38 241 61291 
218 800640 53  127 37826 
219 836224 55 12 55 95025 
220 1227648 36 13 36 109611 
221 1005248 36 10 36 114233 
222 969664 36 12 36 63794 
223 481000 56 11 76 57262 
224 742000 69 15 74 42159 
225 603000 52 7 53 83750 
226 859000 27 9 54 89479 
227 670000 27 9 55 79762 
228      
229      
230      
231      
232 530000 14 2 24 132500 
233      
234      
235      
236      
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